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FOREWORD 

Th is   repo r t  was prepared  by  AiResearch  Manufacturing Company, a d i v i s i o n  
o f  The Garret t   Corporat ion,  Los  Angeles, Ca l i fo rn ia ,   fo r   the   Lang ley  Research 
Center o f   t he   Na t iona l   Ae ronau t i cs  and Space Admin is t ra t ion .   Th is   repor t  
p r e s e n t s   t h e   r e s u l t s   o f  an experimental  study  performed  under  Task  Order No. 4, 
"Low-Cycle  Fat igue  Evaluat ion  for   Regenerat ively Cooled  Panels". The work i s  
p a r t   o f  a comprehensive  analy t ica l  and exper imenta l   s tudy   o f   regenera t ive ly  
cooled  panels  performed  under  Contract NAS 1-5002. This  program was under  the 
cognizance o f  M r .  R. R. Howell, D r .  M. S. Anderson, M r .  H. N. K e l l y  and. M r .  
J. L. Shide ler   o f   the  High  Temperature  St ructures  Branch  o f   the  St ructures 
Division,  Langley  Research  Center. The AiResearch  program manager was M r .  E. W. 
G e l l e r s e n   o f   t h e  Heat T rans fe r   P ro jec t .  
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LOW-  CYCLE FATIGUE  EVALUATION 

FOR REGENERATIVELY  COOLED  PANELS 

By C.E. Richard, J.D.  Duncan, C. Demogenes, and W.G. F1 ieder  
The Gar re t t   Corpora t ion  

AiResearch  Manufacturing Company 

SUMMARY 

An exper imenta l   low-cyc le  fa t igue  evaluat ion  o f   Haste l loy X and Inconel  
625  sheet  and  sandwich  panel  specimens was performed t o   o b t a i n   d e s i g n   d a t a   f o r  
regenerat ive ly   cooled  panels .  A f a t i gue   t es t   appara tus  was c o n s t r u c t e d   t o  
apply  an a l t e r n a t i n g   s t r a i n   t o  a v a r i e t y   o f  specimen types   a t  room  and e leva ted  
temperatures.   Supplementary  tensi le  test   data,   including  reduct  ion-  in-area 
measurements, p r o v i d e d   c o r r e l a t i o n  between p red ic ted  and t e s t e d   f a t i g u e  1 i f e .  
Specimens, t es t   cond i t i ons ,  and m a t e r i a l   s e l e c t i o n  were  based on prev ious  
s tud ies   o f   hydrogen-coo led   sandwich   pane ls   fo r   cond i t ions   typ ica l   o f   hyperson ic  
a i r c r a f t .  

Measurements o f   reduc t i on   i n   a rea  showed t h a t   e n t r a p o l a t i o n   o u t s i d e   o f   t h e  
t e s t  range  would  not be adv isab le  due t o   d u c t i l i t y   v a r i a t i o n s   a r i s i n g   f r o m   t h e  
m a t e r i a l   c o n d i t i o n .   L o s s e s   i n   d u c t i l i t y  due t o  b raze   a l l oy   coa t i ngs  were s i g n i -  
f i c a n t   p a r t i c u l a r l y   a t  .154OoF ( I  I IO'K). Tens i l e   s t reng th  changes  were less  
pronounced  than  those f o r   d u c t  i l  i t y  and the   t es ted   s t reng ths  were g e n e r a l l y  
comparable to   pub l i shed   da ta .  

The parent   meta l   a l loys  had comparable  cycles t o   f a i l u r e  and room tempera- 
t u r e   r e s u l t s  were i n  good  agreement w i t h   c u r r e n t  methods o f   p r e d i c t i n g   f a t i g u e  
l i f e .  Elevated  temperature l i f e  was lower   than  that   predic ted  by  theory and 
the  loss was a t t r i bu ted   t o   accumu la ted   c reep  damage dur ing   the   load   cyc le .  
Furthermore,  creep damage apparent ly  dominated  at  1540'F ( l l l O ° K ) .  

P l a t e - f i n  specimens w i t h   H a s t e l l o y  X brazed   w i th   Pa ln i ro  I and Inconel  625 
b r a z e d   w i t h   P a l n i r o  7 had t h e   h i g h e s t   c y c l e s   t o   f a i l u r e .  As no ted   f o r   t he  
parent  metal  specimens, e leva ted   t empera tu re   l i f e  was reduced  by  creep damage 
and s u s t a i n e d   s t r a i n   a p p l i c a t i o n s   a t  1540'F ( I  I IO'K) caused a d d i t i o n a l  damage. 
O v e r a l l   p l a t e - f   i n   s t r a i n   c o n c e n t r a t i o n   f a c t o r s  were  est imated  to  be about 2.4 
t o  3.0 a t  room temperature and 1.5 t o  1.8 at  e levated  temperature.  

INTRODUCTION 

In   hyperson ic   c ru ise   veh ic les ,   regenera t ive   coo l   ing  i s  an a t t r a c t i v e  
the rma l   p ro tec t i on  method f o r   r e g i o n s   w i t h   h i g h   h e a t i n g   r a t e s   f o r   e x t e n d e d  
opera t ing   per iods .  It was shown i n   p r e v i o u s   a n a l y t i c a l   s t u d i e s   ( r e f e r e n c e  I )  
t h a t  sandwich   cons t ruc t ion   p rov ided  the   des i red   l igh twe igh t   cons t ruc t ion   fo r  
such  cooled  surfaces and  a re la ted   exper imenta l   s tudy   ( re fe rence  2 )   ver i f ied  



that   brazed  superal loy  sandwich  panels  would be s u i t a b l e   f o r  t h i s  a p p l i c a t i o n .  
It was a l s o  shown i n   t h e   r e f e r e n c e  I s tud ies   tha t   regenera t ive ly   coo led   veh ic le  
surfaces  would  exper ience  strains  induced  by  mechanical   loads and r e s t r a i n t   o f  
thermal  expansion  of   such  magnitude  that  1 i m i t e d   f a t  igu.e 1 i f e   c o u l d  be expected. 
This   exper imenta l   low-cyc le  fa t igue  s tudy was t h e r e f o r e   i n i t i a t e d   t o  compare 
t y p i c a l   m a t e r i a l s  and geometries wi th the   ob jec t i ve   o f   p rov id ing   des ign   da ta  as 
w e l l  as a techn ique   f o r   f u tu re   f a t i gue   eva lua t i ons   o f   sandw ich   pane ls .  

P r e v i o u s   t h e o r e t i c a l   e s t i m a t e s   o f   f a t i g u e  1 i f e   ( r e f e r e n c e  I )  were  corre- 
l a t e d   t o   c u r r e n t   t h e o r y   f o r   m e t a l s   w h i c h   r e l a t e s   l i f e   t o   a p p r o x i m a t e l y   t h e  
i nve rse   square   o f   t he   p las t i c   s t ra in   range   ( c f  Manson, re ference 3) .  The pro- 
p o r t i o n a l i t y   c o n s t a n t  between l i f e  and s t r a i n  i s  g e n e r a l l y   r e l a t e d   t o   m a t e r i a l  
r e d u c t i o n - i n - a r e a   o r   d u c t i l i t y   p r o p e r t i e s   ( t h e   t e r m s   r e d u c t i o n   i n   a r e a  and 
d u c t i l i t y   a r e  used  in te rchangeab ly   in   th is   repor t ) .  However, i t  was recognized 
t h a t   p l a t e - f i n  sandw ich   cons t ruc t i on   cou ld   have   s ign i f i can t l y   d i f f e ren t   f a t i gue  
p r o p e r t i e s  due t o   b r a z e   a l l o y  and geomet ry   e f fec ts .   Tens i le   tes ts   o f   paren t  
metal specimens sub jec ted   t o   b raze   cyc les  and coated   w i th   b raze   a l loy   ( re fe rence 
2 )  ind icated  that   the. fabr icated  sandwich  mater ia ls   would  have  lower-duct i l  i t  
and the re fo re   l ower   f a t i gue   l i f e   t han   t he   pa ren t   ma te r ia l .   A l so ,   t he   p la te - f  
geomet ry   requ i red   fo r   coo lan t   con ta in ing  passages i s  known to   i n t roduce   a reas  
o f   l o c a l i z e d   s t r a i n   c o n c e n t r a t i o n .  A test   apparatus was the re fo re   des i red  
which  would  permi t   eva luat ion and comparison o f   bo th   paren t   meta l  and p l a t e - f  
spec i men s . 

Y 
I n  

I n  

The f a t i g u e   t e s t s ,   s e l e c t e d   t o   e v a l u a t e   t h e   d e s i r e d   c o n f i g u r a t i o n s ,  con- 
s i s ted   o f   f u l l y   reve rsed   bend ing  of panel  (or  beam) specimens t o   c o n t r o l l e d  
s t ra in   leve ls .   A l though  bo th   thermal  and mechan ica l   app l i ca t ion   o f   s t ra ins  i s  
expected  in  actual   appl icat ions,   the  mechanical   approach was taken  to   achieve a 
consis tent ,   repeatable and accura te   s t ra in   range  dur ing  sample t e s t   l i f e  a t  room 
and elevated  temperatures.  One of   the  pr imary  advantages  of   mechanical   load 
a p p l i c a t i o n  i s  t h a t   b y   t e s t i n g   a t  a constant  temperature we avo id   vary ing  
m a t e r i a l   p r o p e r t i e s  due t o  temperature and s i m p l i f y   t h e   a n a l y s i s   o f   t h e   r e s u l t s .  

S ince   reduc t i on - in -a rea   p roper t i es   o f   t he   se lec ted   a l l oys  were  not   ava i l -  
a b l e   i n   t h e   l i t e r a t u r e ,   t e n s i l e   t e s t s  were  performed t o  supply   the  data  requi red 
f o r  comparisons  between t e s t  and t h e o r e t i c a l   f a t i g u e   l i f e .   F u r t h e r m o r e ,  i t  was 
assumed t h a t   d u c t i l i t y  would be s e n s i t i v e   t o   t h e   e f f e c t s   o f   t h e   f a b r i c a t i o n  
processes. The t e n s i l e   t e s t s  were the re fo re   pe r fo rmed   fo r  a v a r i e t y   o f   s p e c i -  
mens with  the  appropr iate  th ickness,  temperature  exposure and braze  coat ing 
cond i t i ons  used i n   t h e   f a t i g u e   t e s t s .  

Mater ia ls ,   tes t   tempera ture  and p l a t e - f   i n   c o n f i g u r a t i o n   s e l e c t   i o n  were 
based  on the   p rev ious   s tud ies   ( re fe rences  I and 2 )  of  heat  exchanger  require- 
ments f o r   m u l t i p l e   l a y e r   p a n e l s .  The basic  mater ia l   requirements,   besides 
fab r i cab i l   i t y ,   we re   s t reng th   f o r   p ressu re   con ta inmen t  and duct i l  i t y   f o r  low- 
c y c l e   f a t i g u e   c a p a b i l i t y .   H a s t e l l o y  X and Inconel 625 p r o v i d e   e x c e l l e n t   o v e r a l l  
p r o p e r t i e s  as determined from pub1 ished  mater ia l   p roper ty   da ta  and f a b r i c a t   i o n  
experience.  Also,  tests of  b r a z e d   p l a t e - f i n  sandwiches w i t h   H a s t e l l o y  X and 
Inconel  625 ver i f ied   tha t   the   mater ia ls   p rov ided  adequate   p ressure   con ta inment  
capabi 1 i t y .  
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The tempera tu res   se lec ted   f o r   t es t i ng  were room temperatu.re, 1340'F (IOOO'K) 
and 1540'F ( I  IIO'K). Based  on the   re fe rence I s tud ies  1540'F ( I  I IO'K) appeared 
t o  be a reasonable  upper limit f o r   s u p e r a l l o y   o p e r a t i o n   i n   t h i s   a p p l i c a t i o n .  
The 1340'F (IOOO'K) value was s e l e c t e d   t o   i n v e s t i g a t e   t h e   e f f e c t   o f   r e d u c e d  duc- 
til i t y  which occu rs   f o r   mos t   supera l l oys   i n   t he  1200 t o  1400'F (920 t o  1033'K) 
temperature  range. Room tempera ture   tes ts   were   inc luded  to   a id   in  machine 
checkout i n   t he   re la t i ve l y   s imp le r   env i ronmen t  and t o   p r o v i d e  a s tandard   f o r  
comparison w i th   the   h igh   tempera ture   tes ts .  
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SYMBOLS AND PARAMETERS 

c o n s t a n t   r e l a t i n g   c r e e p   l i f e   t o   s t r e s s ,  (ksi)'-sec [(MN/m2)'-s] 

c o n s t a n t   r e l a t i n g   s t r e s s   t o   p l a s t i c   s t r a i n ,   k s i  (MN/m ) 

d u c t i l i t y   c o n s t a n t  

power r e l a t i n g   c y c l e   l i f e   t o   t h e   p l a s t i c   s t r a i n  range 

m a t e r i a l   e l a s t i c  modulus, k s i  (MN/m ) 

cons tan t   re la t i ng   c reep   ra te   t o   s t ress ,  ( k s i  )-' -sec- l  [(MN/m ) 

specimen height ,   in .  (cm) 

reference specimen height,   ho = 0 .24  i n .  (0.61 cm) 

number o f   da ta   po in ts   o r   inc rements  

power re la t i ng   c reep   ra te  and l i f e  t o   s t r e s s  

l o g a r i t h m   t o   t h e  base e 

l o g a r i t h m   t o   t h e  base I O  

s t ra in   hardening  exponent  

c y c l e s   t o   f a i l u r e  

a d j u s t e d   c y c l e s   t o   f a i l u r e   a t   t h e   r e f e r e n c e  specimen height ,  ho 

rad ius,   in .  (cm) 

r e d u c t i o n   i n  area, percent  

time, s 

t ime to   rup tu re ,  s 

2 

2 

2 -4 - s -  '3 
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A increment 

e t r u e   s t r a i n ,   p e r c e n t  

e /  eng ineer ing   s t ra in ,   percent  

L s t ra in   ra te ,   pe rcen t / s  

cf f r a c t u r e   d u c t  i l . i t y ,  ef = 4n [loo/( 100-RA)] 

Q t rue   s t ress ,  ks i (HN/m ) 

a/ engineer ing  stress,   ks i (MN/m ) 

ip damage 

2 

2 

Subscr ip ts  

ave 

C 

E 

eq 

F 

k 

m 

P 

U 

Y 

I 

2 

3 

average 

creep 

e l a s t i c  

equ iva len t  

f a t i g u e  

i n&x 

mandre 1 

p l a s t   i c  

u l  t imate 

y i e l d  

specimen  length component 

specimen w i d t h  component 

specimen th ickness  component 
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TESTS 

T e n s i l e   t e s t s  were   per fo rmed  p r imar i l y   to   ob ta in   mater ia l   reduc t ion- in -  
a rea   p roper t ies .  It was recognized  that   reduct  ion- in-area measurements  can  be 
e r r a t i c  due t o   t h e   i r r e g u l a r   f r a c t u r e   s u r f a c e   o f   t h i n   s h e e t  specimens,  espe- 
c i a l l y   t h e  minimum f a t i g u e  specimen  metal  thickness  of 0.010 in.  (0.025 cm). 
For th is   rea ion,   sheet  and w i r e  specimens wi th  a range of   th icknesses  were 
t e s t e d   t o   d e t e r m i n e  .an acceptable method, o r   t o   d e f i n e   t h e   l i m i t a t i o n s ,   o f  meas- 
u r ing   the   des i red   reduc t   ion- in -area   p roper t ies .  The w i r e   t y p e  was included  on 
the  assumpt ion  that  measurements  would  be  more  accurate  at   the  smal ler   th ick- 
nesses  and t h a t   w i r e   d a t a   m i g h t  be ex t rapo la ted   t o   cove r  a range  where  sheet 
measurements  were  unacceptable. 

The o b j e c t i v e   o f   t h e   f a t i g u e   t e s t s  was de terminat ion  o f  t h e   c y c l e s   t o  
f a i l u r e   o f  a w ide   va r ie t y   o f   pa ren t   me ta l  and p l a t e - f   i n  specimens. To s a t i s f y  
t h i s   o b j e c t i v e  a d e f i n i t i o n   o f   f a i l u r e  was requ i red   wh ich   permi t ted   de tec t ion  
o f   f a i l u r e  when a known, repeatable  crack  s ize was produced  in   the specimen. 
Furthermore,  for  comparative l i f e  measurements, equa l   c rack   s i zes   a t   f a i l u re   a re  
d e s i r a b l e   i n   t h e   v a r i o u s  specimen types .   S ince   the   p redominate   fa t igue  fa i lu re  
mode o f   p la te - f in   heat   exchangers  i s  evidenced  by loss i n   f l u i d   t h r o u g h  a face- 
sheet   crack,   loss  o f   in ternal   pressure was the   des i red  means o f   d e t e c t i o n  and, 
consequen t l y ,   t he   des i red   de f i n i t i on   o f   f a i l u re   i n   t he   t es ts .   C rack   s i ze ,   o r   i n  
t h i s  case  crack  depth,   at   fa i lure was therefore  approx imate ly   equal   to   the  face-  
sheet   th ickness .   P la te - f in  specimens and parent  metal specimens w i t h  a pres-  
s u r i z i n g   c a v i t y   u t i l i z e d   t h i s   f a i l u r e   c r i t e r i o n  by  measur ing  the  cycles  required 
t o  cause loss i n  gas pressure due t o  a crack  through a 0.010-in.  (0.025 cm) 
sec t ion   th ickness .   For   so l id   paren t   meta l  specimens  (about  0.24-in. (0.61 cm) 
t h i c k n e s s ) ,   f a i l u r e  was de f ined as complete  f racture and i t  was detected  by a 
s i g n i f i c a n t   l o s s   i n   t h e   l o a d   r e q u i r e d   t o  bend the  specimen. It was observed 
t h a t  when s ign i f i can t   load   decreases   occur red   the   c rack  was near ly   complete ly  
through  the specimen and comple te   f rac tu re   in to  two  halves  would  occur  within a 
few  addi t ional   cyc les.   Crack  depth was therefore  approx imate ly   equal   to   spec i -  
men t h i c k n e s s ;   t h i s  i s  g e n e r a l l y   r e f e r r e d   t o  as c o m p l e t e   f r a c t u r e   o r   f u l l   b r e a k  
o f   t h e  specimen. 

Apparatus 

Tens i l e   t es ts .  - The t e n s i l e   t e s t s  were  performed on  an I n s t r o n   U n i v e r s a l  
Tes t ing  Machine. The machine  has  provis ions  for   crosshead movement ra tes  up t o  
20 in./min. (0 .85  cm/s)  however,  power d r i v e  speed c a p a b i l i t y  i s  an inverse 
f u n c t i o n   o f   l o a d  and i n  some cases  the maximum r a t e  was not  achievable.  Chart 
speed c a p a b i l   i t y  was 50 in/min (2. I cm/s)  and cha r t  and crosshead movements 
were  synchronized f o r  crosshead speeds  up t o  IO in/min  (0.42  cm/s).  Peripheral 
t e s t  equipment  included a 2.5-in.  (6.4.cm)  inside  diameter  Marshall   furnace t o  
enc lose  the  spec imen  for   e levated  temperature  tests  and extensometers f o r   d i r e c t  
d e f l e c t i o n  measurements. 

Fa t igue  tes ts .  - The f a t i g u e   t e s t s  were  performed  on an apparatus  designed 
and f a b r i c a t e d   f o r   t h i s  program. The apparatus, shown i n   f i g u r e  I ,  app l i ed  a 
known a l t e r n a t i n g   s t r a i n  by  bending  the specimen  around  the  opposed  curved 
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mandrel  surfaces. A h y d r a u l i c  ram  moved the  mandre ls   through  the  requi red 
s t r o k e   w h i l e   t h e  ends o f   t h e  specimen  were res t ra ined  f rom  mov ing   in   the   d i rec-  
t i o n   o f  ram t rave l .  

The  ram was d r i v e n  by a doub le   ac t i ng   cy1   i nde r   o f  2.5- in.  (6.4 cm) bore 

u t i  1 i z i ng   p ressu res  up t o  1000 p s i  (6900 kN/m ) t o   p r o v i d e  a t o t a l   f o r c e  capa- 
b i l i t y   o f  4900 I b  (21800 N). Ram fo rce   l eve l s  were  monitored  by an i n t e g r a l  
load   ce l l .   S t roke   reversa l  was con t ro l   l ed   by  a four-way  so lenoid  va lve and 
limit sw i t ches .   Ad jus tab le   con tac ts   pe rm i t ted   con t ro l   o f   s t roke   l eng th   wh ich  
was requ i red  due t o   v a r i a t i o n s   i n  specimen d e f l e c t i o n   w i t h  mandrel  radius. 
Stroke speed was c o n t r o l l e d   b y   t h r o t t l i n g   t h e   f l o w   o f   h y d r a u l i c   f l u i d   t o   t h e  
apparatus. 

2 

The specimen ho ld ing   sec t i on  was designed t o  f.it i n t o  an 8- in .  (20 cm) 
ins ide  d iameter ,   Marshal l   furnace  for   e levated  temperature  test ing.  The r e s u l t -  
ing sample l eng th  was 6 in .  (15 cm) and the  sample support  spacing was 5.1 in .  
(13 cm).  The fu rnace  res ts  on the   suppor t   tab le  shown i n   f i g u r e   l a .  The heated 
zone was p a r t i a l l y   i n s u l a t e d  by packing  around  the  base  of  the  furnace  which, 
a long w i th  a cool ing  water   jacket   around  the ram, p revented   the   load   ce l l  from 
overheat ing   dur ing   h igh   tempera ture   tes ts .  The  ram head  and  specimen support 
sec t i on  were fab r i ca ted   f rom  A l l oy  713C p e r m i t t i n g   o p e r a t i o n  up t o  about 17OO0F 
(1200'K). The ram i s   o f   two -p iece   cons t ruc t i on   wh ich   pe rm i t s  removal o f   t h e  
head f rom  the  top  o f   the  apparatus  for   changing  mandre ls  when necessary.  Five 
p a i r s   o f  mandre l   b locks   were   fabr ica ted   w i th   rad i i   f rom 2.5 t o  32 in .  (6 t o  81 
cm) to   g i ve   t he   des i red   s t ra in   range   (abou t  50 t o  2000 c y c l e s )   f o r  a specimen 
t h i c k n e s s   o f  0.24 in .  (0.61 cm). 

The per ipheral   equipment  included  the pump, f low  regu la to r ,   p ressure  con- 
t r o l  system, counter, and cont ro l   pane l .  The control   system  included  switches 
connected i n   s e r i e s   w i t h   t h e  pump wh ich   au tomat i ca l l y   t e rm ina ted   t es t i ng   e i t he r  
when the  specimen c a v i t y   p r e s s u r e  decayed  below a p rese t   va lue   o r  when reduced 
ram hyd rau l i c   p ressu re  was sensed. 

Specimens 

Tens i le .  - The bas ic   sheet   tes t  specimen shown i n   f i g u r e  2 was s i m i l a r   t o  
a s tandard   t ens i l e  coupon. Wire  specimens  were  designed with  brazed  at tachment 
r i ngs ;  however, t h e y   f a i l e d   a t   t h e   b r a z e , j o i n t  and p l a i n   w i r e  was used i n   t h e  
tes ts .  Sheet th icknesses and wi re  d iameters  var ied  f rom 0.008 t o  0.114 in. 
(0.02 t o  0 .29  cm). Re in fo rc ing   tabs  were  spotwelded t o   t h e  ends o f  sheet  speci- 
mens wi th th icknesses  less  than 0.06 in .  (0.15 cm) t o   p r e v e n t   e l o n g a t i o n  of  t he  
mount ing  holes.   Simulated  braze  cycles  or   coat ing  operat ions  were  performed 
p r i o r  t o  mach in ing   o f   the  specimens. 

Has te l   loy  X and  Inconel 625 were  purchased i n   t h e  m i l  I -annealed  condi t ion 
and m e t a l l u r g i c a l l y   v e r i f i e d   t o  be w i th in   spec i f i ed   compos i t i on  l i m i t s .  However 
re -examina t ion   l a te r   i nd i ca ted   t ha t  one se t   o f   coa ted  samples o f   I n c o n e l  X-750 
was inadver ten t l y  exchanged f o r   I n c o n e l  625. The c o n d i t i o n   o f   t h e   m a t e r i a l  
p r i o r   t o   c o a t i n g   a p p l   i c a t i o n  i s  no t  known. 
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Parent  metal   fat igue. - Two types  of   parent  metal  specimens  were  used dur- 
i ng   t he   i nves t i ga t i on .  The specimen i n   f i g u r e  3a was most rep resen ta t i ve   o f   t he  
p l a t e - f i n  specimens s i n c e   f a i l u r e   d e t e c t i o n  was a lso   p ressure   loss   th rough a 
0.010-in  (0.025 cm) w a l l   t h i c k n e s s   ( t h i s  specimen i s  r e f e r r e d   t o  as t h e   c a v i t y  
specimen i n  subsequent d iscuss ions) .   Cav i t ies  were  end-mi l led  in  two  0.1- in.  
(0.3 cm) sheets  and  pressurized  to  provide  two l i f e  measurements per  specimen. 
The 0. I - i n  (0.3 cm) sheets, a 0.04-in (0. 10 cm) d iv ider   sheet  and the   p ressu r i z -  
ing  tubes  were  brazed  wi th  Palniro 7 (70 Au, 8 Pd, 22 N i )  a t  195OoF (1340'K) t o  
complete  the sample.  Specimen he igh t  was therefore  about  0.24  in. (0.61 cm) and 
the   w id th  was 0.4  in.  (1.0 cm) to   e l im ina te   b iax ia l   s t ress   e f fec ts   ( see   append ix  
A ) .  Braze a l l o y  was prevented  from  contacting  the  0.010-in.  (0.025 cm) t e s t  
sec t i on  so t h a t   t h e   t e n s i l e   t e s t   p r o p e r t i e s   w o u l d  be app l i cab le .   F in i sh  maching 
the   su r face   ove r   t he   cav i t i es  was a standard  operat ion;  however, a d d i t i o n a l  
p o l i s h i n g  was a l so   requ i red  (see RESULTS AND DISCUS.SION sec t ion) .  A 1000 p s i  

(6900 kN/m ) room temperature  pressure  test  was performed t o   v e r i f y   p r e s s u r e  
conta inment   capabi l i ty .  

2 

The 2- in .   (5  cm) w i d t h   s o l   i d  specimen i n   f i g u r e  3b prov ided a s i n g l e  1 i f e  
measurement  based  on complete  break  s ince  load  var iat ions due t o  smal l   surface 
cracks were no t   de tec tab le  and per iod ic   v isua l   observa t ion ,   poss ib le   a t  room 
temperature, was not  acceptable  at   e levated  temperatures.  The specimens  were 
machined  from  0.25-in. (0.64 cm) sheet   mater ia l  and t h e   f i n a l   g r i n d i n g   o p e r a t i o n  
prov ided an r.m.s. s u r f a c e   f i n i s h   o f  30 t o  60 p in. (0.8 t o  1.5 p m ) .  D r i l l e d  
holes  of  about  0.1-in. (0.3 cm) diameter and 0.12-in.  (0.3 cm) depth  he ld  the 
sample i n   p l a c e  and provided  for  thermocouple  placement  during  elevated  tempera- 
ture  operat   ions.  

Two a d d i t i o n a l  specimens ( f igures   3c  and d)   des igned  to   p rov ide   in fo rmat ion  
on f a i l u r e   t h r o u g h  a 0.010-in.  (0.025 cm) sec t ion  were  i n v e s t i g a t e d   e a r l y   i n   t h e  
study. However both gave u n s a t i s f a c t o r y   r e s u l t s  due t o   w r i n k l i n g   o f   t h e   s e p a r a t e  
sheets   ( f igure   3c)  and buck1  ing o f   the   overhang ing   f lange  ( f igure   3d) .  

P l a t e - f i n   f a t i g u e .  - The specimen shown i n   f i g u r e  4  had 1.5 by  3.0  in. (4 
by 8 cm) cu tou ts  machined on each s ide  o f   0 .25- in .   (0 .64 cm) thickness  sheet 
m a t e r i a l .   R e c t a n g u l a r   o f f s e t   f i n   s e c t i o n s  were i nse r ted   i n   t he   cu tou ts  and 
0.010-in.  (0.025 cm) th ickness  face  sheets were placed on each  s ide  to   complete 
the  sandwich  regions and t o   p r o v i d e  a f l a t  specimen surface. The f i n  geometry 
was 20 f i n s / i n .  (8 f ins/cm)  by  0.075-in. (0. 19 cm) he igh t  by  0.004-in. (0.010 
cm) thickness. The facesheet was the  minimum considered  dur ing  the  reference I 
s tud ies  and t h e   f i n   d e s i g n  was typ ica l .   Independent   man i fo ld ing   o f   the   p la te -  
f i n   s e c t i o n s   p r o v i d e d  two  measurements o f   f r a c t u r e .  

Specimens were fabr ica ted   f rom  Haste l loy  X and Inconel 625, rece ived   i n   t he  
mi l l -annea led   cond i t ion ,  and from  Inconel  X-750 sheets  which  were  inadvertently 
s u b s t i t u t e d   f o r   I n c o n e l  625 i n  one  specimen t ype .   Pa ln i ro  I ( 5 0  Au, 25 Pd, 
25 N i )  and P a l n i r o  7 b raze   a l loys ,   w i th   b raz ing   tempera tures   o f  207OoF  (1410'K) 
and 1950'F (1340°K), respec t ive ly ,  were  used t o   f a b r i c a t e   t h e  samples.  Speci- 
mens were he ld   a t   b raze   tempera ture .   fo r  1200 s .  Cav i t y   p ressu re   capab i l i t y  was 

v e r i f i e d  by a 1500 p s i  (10300 kN/m ) room temperature  test .  2 
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Procedures 

Tens i l e   t es ts .  - The load -de f lec t i on   t es ts   f o r   shee t   ma te r ia l   we re   pe r -  
formed i n  two  steps,  an i n i t i a l   l o a d i n g   t o  about I p e r c e n t   s t r a i n   t o   o b t a i n  
t h e   y i e l d   s t r e n g t h  and a second load ing  t o  f r a c t u r e .   f o r   t h e   i n i t i a l   l o a d i n g ,  
an  extensometer was a t t a c h e d   t o   t h e  specimen t o  measure d e f l e c t i o n  whereas f o r  
t h e  second  loading,  specimen  displacement was determined  by  recording  cross- 
head movement. Load- ing  ra tes  a t  room temperature  were  about 0.05 in./min 
(0.002 cm/s) f o r   t h e  f i r s t  load ing  and up t o  about 5 in./min (0.2 cm/s) f o r   t h e  
second. A t  e levated  temperatures,   loading  ra tes  for   the f i r s t  and second  load- 
ings  were 0. I in./min (0.004 cm/s)  and 10 in./min (0.4 cm/s), respec t i ve l y .  The 
e leva ted   tempera ture   tes t   ra tes   were   se lec ted   to   m in imize   c reep  re laxa t ion  
d u r i n g   t h e   c y c l e .  The 0.1 in./min (0.004 cm/s) r a t e  gave the  same y i e l d  
s t rength   va lue   as  0.18 in./min (0.008 cm/s)  and pe rm i t ted   accu ra te   t e rm ina t ion  
at   about I p e r c e n t   t o t a l   s t r a i n .  Crosshead r a t e s   f o r   t h e  second load   cyc le   o f  
0.2 t o  20 in./min (0.008 t o  0.8 cm/s)  were  investigated  with  Haste1  loy X and 
t h e   s t r e s s - s t r a i n   c u r v e s   a r e  shown i n   f i g u r e  5. The u l t imate   s t rength   inc reases  
i n  each t e s t   i n d i c a t i n g   t h a t   c r e e p   e f f e c t s   a r e   p r e s e n t   a t   t h e  IO in. /min(0.4 
cm/s) ra te .  However I n s t r o n  power d r i v e   l i m i t a t i o n s   p r e c l u d e d   t e s t i n g  a l l  
samples a t  a h ighe r   ra te .  

W i re   t es ts  were  performed  using  crosshead movement t o  measure d e f l e c t i o n s .  
Y i e l d   s t r e n g t h  measurements  were not   a t tempted  s ince  the  smal ler   wi re   s izes 
would  not  accept  an  extensometer.  Loading  rates  were  the same as  fo r   t he   shee t  
specimens i n   t h e  second  load  cycle. 

For  elevated  temperature  measurements  the  specimens  were  enclosed  in a 
thermosta t ica l l y   con t ro l led   Marsha l l   fu rnace.   Thermocoup les   loca ted   near   the  
specimens ind ica ted   tha t   the   tempera ture  was c o n t r o l l e d   t o  & l O ° F  (6OK).  

Fa t i gue   t es ts .  - Specimen load -de f lec t i on   behav io r  was e s t a b l i s h e d   t o  
i nsu re   t he   p roper   de f l ec t i on   du r ing   t es t i ng .  The cen t ra l   reg ion  of the  spec i -  
men must  conform t o   t h e  mandre l   rad ius   to   g ive   the  known a l t e r n a t i n g   s t r a i n .  A 
l i m i t e d   a c c e p t a b l e   d e f l e c t i o n   r a n g e   e x i s t e d   s i n c e   i n s u f f i c i e n t   d e f l e c t i o n   l e d  
t o  reduced s t r a i n   l e v e l s  and excess ive  def lect ions  produced  unacceptable  s t ra ins 
a t   t h e   t r a n s i t i o n   f r o m  a p r e s s u r i z i n g   c a v i t y   t o   s o l i d   m e t a l   o r   a t   t h e  edge o f  a 
mandrel. A comple te   load-def   lec t ion   cyc le  i s  i 1 l u s t r a t e d   i n  f iqure  6a and a 
t Y P  i 
d'i a 1 
l a r  i 
var  i 
max im 

def  1 
cyc 1 

I 

c a l   t e s t  curve, u t i l i z i n g   t h e   l o a d   c e l l   o u t p u t  and a 0- t o   I - i n .  (2.5 cm) 
i n d i c a t o r   t o  measure ram t rave l ,  i s  shown i n   f i g u r e  6b. Due t o   t h e  s i m i -  

t y   o f   t h e   m a t e r i a l s ,   p a r t i c u l a r l y   t h e i r   r e l a t i v e l y   s m a l l   y i e l d , s t r e n g t h  
a t ions ,  a l i m i t e d  number o f   c y c l e  measurements establ ished  performance and 
mum load was monitored  in  subsequent  operat  ions. Where required,  the  load- 
e c t i o n  measurements  were taken  dur ing  the f i r s t  few  cycles  using a machine 
e r a t e   o f  about 0.001 t o  0.01 Hz. 

The t e s t   c y c l e   r a t e   a t  room temperature was 0.4 t o   0 . 5  Hz.  Increases  in 
specimen  temperature ( 100°F (56'K) maximum) d u r i n g   t e s t i n g   i n d i c a t e d   t h a t   h i g h e r  
rates  were  undesirable.   For  the  2- in.   (5 cm) w i d t h  specimens, pump pressure 
c a p a b i l i t y  was a l s o  a l i m i t i n g   f a c t o r .  The e leva ted   tempera ture   tes t   ra te  was 
0.4 t o  0.5 Hz f o r   t h e   c a v i t y   p a r e n t   m e t a l  specimens, 0.16 t o  0.25 Hz f o r   t h e  
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solid specimens, and 0.3 to 0.5 Hz for  the plate-fin specimens. In addition, 
limited elevated  temperature plate-fin tests were performed at 0.017 and 0.1 Hz. 
Based on measurements with thermocouples on the specimens, temperature  variations 
which  could be attributed to internal heating were not observed. In hold time 
tests at 1540'F ( I I I O ' K )  the above rates were used during the application of 
load and an 'automatic timer provided 200 + I O  s holds at maximum specimen de- 
flection (twice per cycle). 

For failure  detection by loss in pressure, the initial cavity pressure 
level was 30 to 50 psi (210 to 340 kN/m ). An automatic shutdown was provjded 2 

when cavity pressure reduced to 10 to 20 psi (70 to 140 kN/m ). During room 
temperature plate-fin tests at the higher- strain levels a cavity pressure in- 

2 

A 

crease to 300 psi (2100 kN/mL) was required to prevent fin buckl  ing. The 
elimination of buckl ing did  not alter  the 1 ife and therefore tests in which the 
fins buckled were consi.dered acceptable. In elevated temperature tests, cavity 
pressure was applied after temperature stabilization to avoid overpressure o r  
creep damage during heat i ng. 

Specimen movement across the mandrel was prevented since one  end  would lose 
contact with  the support roller. Initially the specimen holding section provided 
the restraint when  a pin was placed in the drilled hole (specimens in figures 3 b  
and 4 ) .  However  specimens  were lost when the pin came loose during testing. 
This difficulty was later avoided by fitting a  one-piece clamp over the holding 
section to restrain the 'ends of the specimen. Although the hole was therefore 
not required for restraint, it was stil 1 used with the 2-in ( 5  cm) width speci- 
.mens to locate a th.ermocouple in the high temperature zone. The 0.4-in. (1.0 
cm) width cavity specimen did not have the drilled hole since the thermocouple 
was attached to an adjacent spacer bar which positioned this sample on the 
mand re 1 . 

Initial and  final thermocouple readings were recorded for the elevated 
temperature tests. These  measurements indicated that specimen temperature was 
controlled to within kIO°F (6OK). 

RESULTS AND DISCUSSION 

Tensile Tests 

Tensile  properties of Haste1 loy X, Inconel 625 and  Inconel X-750 were 
determined for thicknesses,fabrication and processing typical for the fatigue 

1 
specimens. The primary 
the fatigue results cou 
summarized in tables I ,  
Hastelloy X and Inconel 
t ion-in-area properties 
load-deflection curves 
(IOOO'K) and 1540'F ( I  I 

f 
I 

goal was to obtain reduct ion-in-area properties so-that 
d be compared to present day theory. The results are 
2 and 3 for the three materials. In addition, the 
625 sheet yield strengths, ultimate strengths and reduc- 
are shown in figures 7 and 8, respectively, and  typical 
or as-received material at  room temperature, 1340'F 
O'K) are i 1  lustrared in figures 9 and IO. The data 
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reduc t i on  method, e s p e c i a l l y   f o r   o b t a i n i n g   r e d u c t i o n - i n - a r e a   p r o p e r t i e s ,  i s  
o u t l i n e d   i n   a p p e n d i x  A. 

D u c t i l   i t y .  - The t e s t s  showed t h a t  due t o   l a r g e   d u c t i l   i t y   v a r i a t i o n s  as a 
f u n c t i o n   o f   m a t e r i a l   c o n d i t i o n   e x t r a p o l a t i o n   t o   u n t e s t e d   m a t e r i a l   s t a t e s   w o u l d  
no t  be d e s i r a b l e  i f  a c c u r a t e   d u c t i l i t y   v a l u e s  were  required. T h i s  i s   i l l u s -  
t r a t e d   i n   f i g u r e  I I by   t he   w ide   va r ia t i ons   i n   reduc t i on   i n   a rea   ob ta ined   f o r  
Has te l l oy  X sheet  and w i r e   f o r  a range o f   t h i cknesses  and  diameters.  Addit ional 
examples o f   t h e   e f f e c t s   o f   h e a t   t r e a t m e n t ,   b r a z e   a l l o y   c o a t i n g s  and th ickness  
on  Haste l loy X and Inconel  625 d u c t i l i t y  can be observed  in   f igures  7a and 8a. 
Therefore,  sheet d u c t i l i t y  measurements  were  used f o r   f a t i g u e   l i f e   p r e d i c t i o n s  
s ince  they  prov ided  the  c losest  agreement  between t h e   t e n s i l e  and f a t i g u e   t e s t  
specimen cond i t ions .  

As-received  sheet: For the  0. I I - i n .  (0 .28  cm) sheet   mater ia l  used i n  the  
f a t i g u e  specimens, Has te l l oy  X reduc t ion   in   a rea  was 53 percent   a t  room tempera- 
tu re ,   decreas ing   to  43 percen t   a t  1340 and 1540'F (1000-and I 1  IO'K). Inconel 
625 reduct ion  in   area  increased  f rom 43 percen t   a t  room temperature t o  73 
percen t   a t  154OoF ( 1 1 1 0 ' K ) .  Corresponding  elongat ion measurement v a r i a t i o n s  
were repo r ted   i n   re fe rences  4 and 5 f o r  sheet  th icknesses  greater  than 0 . 0 6  i q .  

( 0 . 1 5  cm). The 0.01-in. ( 0 . 0 3  cm) ma te r ia l  had reduced d u c t i l i t y  as  compared 
t o   t h e  0. I I - i n .  (0 .28  cm) sheet, a maximum d u c t i l   i t y   o f  40 percent   fo r   Has te l loy  
X and 49 percen t   f o r   I ncone l  625.  Both   ma te r ia l s   exh ib i t ed  a smal l   loss  in  
d u c t i l i t y   a t  1340'F (IOOO'K) as  compared to   t he   o the r   t es t   t empera tu res   f o r   t he  
0.01 i n .  (0 .03  cm) sheet   mater ia l .  

Simulated  braze  cycle: The d u c t i l i t y   o f  0.11-in.(0.28 cm) sheet  subjected 
to   t he   s imu la ted   b raze   cyc le   a t  1925'F (1330'K) d i f f e r e d   n o t i c e a b l y   f r o m  as- 
rece ived   p roper t i es .  The braze  cycle  lowered  Hastel   loy X d u c t i l   i t y   f r o m  53 t o  
41 percen t   a t  room temperature and from 43 t o  38 percent   a t  1340'F (IOOO'K) and 
caused an increase  from 43 t o  48 percen t   a t  1540'F ( I  I IO'K). The la rges t   va r ia -  
t i o n   f o r   I n c o n e l  625 was a decrease due to   t he   b raze   cyc le   f rom 73 t o  67 percent 
a t  I 540'F ( I I IO'K). 

Coat ing  tests :  The P a l n i r o  I and P a l n i r o  7 coat ings  caused s i g n i f i c a n t  
losses   in   e leva ted   tempera ture   duc t i l   i t y   in   the   0 .01- in .  ( 0 . 0 3  cm) th ickness 
sheet .   Paln i ro  I had t h e   g r e a t e r   e f f e c t ,   p a r t i c u l a r l y   a t  1540'F ( I  I IO'K) where 
t h e   d u c t i  1 i t y  reduct  ion f rom as- rece ived  p roper t ies  was from 40 t o  29 percent 
f o r   H a s t e l l o y  X and from 49 t o  25 percent   fo r   Incone l  625.  The  maximum losses 
i n   d u c t i l i t y  due t o   P a l n i r o  7 were a l s o   a t  1540'F ( I  I IO'K), from 40 t o  35 percent 
for   Haste1  Ioy X and from 49 t o  40 percent   for   . Inconel  625.  Coated Inconel  X-750 
shee t   exh ib i t ed  a s i g n i f i c a n t  !oss i n   duc t i l i t y   a t   e leva ted   t empera tu res ,   abou t  
o n e - h a l f   t o   o n e - t h i r d   o f   H a s t e l l o y  X and Inconel  625 values. A t  room tempera- 
ture,   Inconel  X-750 d u c t i l i t y  was s l i g h t l y  lower   than- the   o ther   a l loys .  

Tens i le   s t rength .  - Y i e l d  and u l t ima te   s t reng th   va r ia t i ons   w i th   shee t   t h i ck -  
ness  and m a t e r i a l   c o n d i t i o n  were l ess   p ronounced   than   duc t i l i t y   d i f f e rences .  
The genera l   t rend was a decrease i n   t e n s i l e   p r o p e r t i e s   w i t h   d e c r e a s i n g   t h i c k -  
ness, e s p e c i a l l y   f o r   y i e l d   s t r e n g t h . .  The  maximum s t r e n g t h   v a r i a t i o n   w i t h   t h i c k -  
ness  occurred  for   as-received  Inconel  625 a t  1340'F (IOOO'K) when a th ickness 
change from 0.11 t o  0.01 in .  (0 .28  t o  0.03  cm) caused a 30 p e r c e n t   y i e l d  
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strength  decrease.  Test  values compared favo rab ly   w i th   pub l i shed   da ta   a l t hough  
the   pub l i shed   u l t ima te   s t reng ths  were no t iceab ly   lower   than  tes t   va lues   a t  
e levated  temperatures.  The d i f f e r e n c e   i s   a t t r i b u t e d   t o   t h e   d i f f e r e n c e s   i n   t e s t  
rate, 0.05 p e r c e n t h i n   f o r   r e f e r e n c e  5 pub l i shed  da ta  compared t o  about 400 
p e r c e n t h i n   i n   t h e s e   t e s t s .  

The exposure  at  1925'F (1330'K) caused up t o  a 15 percent   increase  in  
Has te l l oy  X u l t ima te   s t reng th  and  decreases i n   b o t h   y i e l d  and u l t i m a t e   o f   I n c o n e l  
625, up t o  a maximum o f  about 30 percent .   Paln i ro  I and 7 coat ings  caused r e l a -  
t i v e l y   m i n o r ' c h a n g e s   i n   t h e   H a s t e l l o y  X u l t ima te   s t reng th  arld  a maximum increase 
i n   y i e l d   o f  16 percent.  Inconel  625 showed minor changes i n   t e n s i l e   p r o p e r t i e s  
due t o   t h e   b r a z e   a l l o y s .  The l a r g e s t  change was a decrease i n   y i e l d   f r o m  43 t o  

35 k s i  (300 t o  240 MN/m2) a t  154OoF ( I  1 IO'K) due t o   P a l n i r o  I. 

Parent  Metal   Fat igue 

The low-cyc le   fa t igue l i f e  o f   Has te l . loy  X and Inconel  625  parent  metal 
specimens was determined  at  room temperature, 1340'F (IOOO'K) and 1540'F 
(IIIO'K). The f a t i g u e   r e s u l t s   f o r   t h e   t w o  specimen con f igu ra t i ons   a re  summa- 
r i z e d   i n   t a b l e  4 f o r   t h e   m a n d r e l   r a d i i   o f  5, 9 and 16 in .  (13, 23  and 41 cm) 
and i n   f i g u r e  12 f o r   t h e   a s s o c i a t e d   p l a s t i c   s t r a i n   r a n g e s .  The average 1 i f e  
v a l u e s   i n   t a b l e  4, used f o r   t h e   d a t a   p o i n t s   i n   f i g u r e  12 and subsequent f a t i g u e  
resu l ts   curves ,   a re   the   logar i thmic   average  o f   the   tes t  measurements ad jus ted  
t o  a re ference specimen height ,  ho.  Computations o f   ( t r u e )   p l a s t i c   s t r a i n  

range and the   average  cyc les   to   fa i lu re   a re   d iscussed  in   append ix  A. 

Based on   equa l   app l i ed   p las t i c   s t ra in  ranges, Has te l l oy  X and Inconel  625 
have  comparable  cycles t o   f a i l u r e ,   p a r t i c u l a r l y   a t   e l e v a t e d   t e m p e r a t u r e s   ( f i g u r e  
12). A maximum f a c t o r   o f  2 (room  temperature  data  in  f igure 12a) i s  considered 
t o  be comparable l i f e   p a r t i c u l a r l y   s i n c e   t h e   s c a t t e r   i n   t h e   d a t a   i s ' a b o u t   t h e  
same factor  (see  below).  Comparison o f   t h e   s o l i d   t o   t h e   c a v i t y  specimens  should 
be avo ided   s ince   s ign i f i can t  specimen d i f f e r e n c e s   e x i s t  such as the  machining 
methods  (end mill vs.  gr ind ing ) ,   t he   c rack   dep th   a t   f a i l u re  and o t h e r   f a c t o r s  
discussed  below. 

Room temperature. - The  room tempera tu re   f a t i gue   resu l t s   f o r   t he   pa ren t  
metal specimens ( p o l i s h e d   e x t e r n a l l y )   a r e  compared t o   c u r r e n t   l i f e   p r e d i c t i o n  
methods i n   f i g u r e s  13 and 14.  The measured reduc t ion- in -area   p roper t ies  were 
used w i th   re la t ions   deve loped  by   Cof f in ,  Manson, Mar t   in  and  Morrow  which r e l a t e  
c y c l e   l i f e   t o   p l a s t i c   s t r a i n  range  by 

N = (C /ep )  C 

The power, c, and t h e   r e l a t i o n s  between t h e   d u c t i l i t y   c o n s t a n t ,  C, and the  
reduc t i on   i n   a rea  fo r   t he   app l i cab le   re fe rences   a re   g i ven   i n   t ab le  5. 

The t e s t   r e s u l t s   a r e   b r a c k e t e d  by the   var ious   p red ic t ions   a l though  they  
tend   t o   exceed   the   ma jo r i t y   o f   t he   p red ic t i ons   espec ia l l y   a t   t he   l ower   va lues  
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o f   t h e   p l a s t i c   s t r a i n  range.  Absolute  values  of   the  s lopes  of   the  exper imental  
curves  (which  ranged  from -0.43 and -0.46 f o r   c a v i t y  and s o l i d  specimens of 
Inconel  625 r e s p e c t i v e l y   t o  -0.47 f o r   t h e   H a s t e l l o y  X specimens)  are  less  than 
those  o f   the   p red ic ted   curves   wh ich  were e i t h e r  -0.5 or   -0 .6  (predic ted  s lopes 
a re   t he   nega t i ve   rec ipoca l  s o f   t h e  exponent, c, i n   t a b l e  5 ) .  'Disagreement  of 
the  s lopes may be  due, a t   l e a s t   i n   p a r t ,   t o   t h e   e f f e c t s   o f   c y c l i c   w o r k   h a r d e n i n g  
on t h e   d e t e r m i n a t i o n   o f   t h e   p l a s t i c   s t r a i n  ranges fo r   the   exper imenta l   da ta  
(e r ro rs   i n   t he   de te rm ina t ion   o f   t he   work   ha rden ing   e f fec ts   wou ld  have a  more 
pronounced e f f e c t  on t h e   p l a s t i c   s t r a i n  ranges   a t   t he   l ower   t o ta l   s t ra in  ranges, 
see appendix A ) .  Cyc l i c   work   harden ing   h is to r ies  were  not   obta ined.dur ing  the 
p r e s e n t   i n v e s t i g a t i o n .   I n s t e a d ,   p l a s t i c   s t r a i n   r a n g e s  were  computed f o r  an 
assumed work  hardening  exponent o f  0.16  based on exper iments   w i th   Has te l loy  X 
by  Carden  and  Slade ( re ference I O )  and work   w i th   Incone l  713C and  Waspaloy  by 
Morrow  and Tu le r   ( re fe rence 1 1 ) .  

Bes t   ove ra l l  agreement  between the  exper imental  and p r e d i c t e d   l i f e  was 
obta ined w i t h  t h e   M a r t i n   r e l a t i o n   ( r e f e r e n c e  8 )  a l though  the  Manson r e l a t i o n  
proposed i n  an addendum t o   C o f f i n ' s   p a p e r   ( r e f e r e n c e   6 )   p r o v i d e s   s l i g h t l y   c l o s e r  
agreement w i t h   t h e   e x p e r i m e n t a l   r e s u l t s   f o r   t h e   s o l   i d   I n c o n e l  625  specimens. 
The M a r t i n   p r e d i c t i o n s   a r e   r e p r o d u c e d   i n   f i g u r e  15 together   wi th   the  exper imen-  
t a l   d a t a  w i th  s c a t t e r  bands  superimposed. It can be  seen tha t   t he   d i f f e rences  
between the  exper imental  and p r e d i c t e d   d a t a   a r e   g e n e r a l l y   w i t h i n   t h e   s c a t t e r  
band of   the  exper imenta l   data.  

The s c a t t e r   w i t h   t h e   c a v i t y  specimens d isp layed a maximum f a c t o r  (minimum 
t o  maximum l i f e )   o f  2 f o r   H a s t e l l o y  X and 1.5 f o r   I n c o n e l  625. The correspond- 
i n g   f a c t o r s   f o r   t h e   s o l i d  specimens  were 1 . 1  and 1.3 f o r   H a s t e l l o y  X and Inconel  
625, respec t i ve l y .  The g r e a t e r   s c a t t e r   i n   t h e   c a v i t y   t y p e  was a t t r i b u t e d   t o  
lower   sur face  qual   i ty .   Inconsis tent  specimen f a i l u r e s  were i n i t i a l l y   e x p e r i -  
enced wi th these  specimens  and  subsequent  inspection showed t h a t   w i d e l y  spaced 
scratches  were  present  ( the  scratches  are  not  defined by s tandard   su r face   f i n i sh  
measuring  techniques,  which  give an average  qual i ty   over  a sect ion  o f   the  sur-  
f a c e ) .   E x t e r n a l   s u r f a c e   p o l i s h i n g   p r i o r   t o   t e s t i n g  caused a s i g n i f i c a n t   l i f e  
improvement,  however, t he   sca t te r  was s t i l l  no t i ceab ly   g rea ter   than had  been 
p rev ious l y   obse rved   w i th   t he   so l i d  specimens.  Therefore,   the  internal   cavi ty 
was a l s o   p o l i s h e d   i n  a l i m i t e d  number of specimens.  Cycle l i f e  increases  were 
noted, as w e l l  as decrease i n   t h e   s c a t t e r   ( t a b l e  4); however, the  improvement 
d id   no t   appear   t o   war ran t   i n te rna l   cav i t y   po l   i sh ing   i n  a1 1 specimens. Con- 
sequen t l y ,   ex te rna l l y   po l i shed  specimens  were  accepted as standard and da ta   f o r  
these  specimens  are u t i  1 i z e d   i n   f i g u r e s  12, 13 and 15. 

Photographs o f   t y p i c a l  specimens o f  each   t ype   a f te r   f a i l u re   a re  shown i n  
f i g u r e  16. Visua l   obse rva t i ons   o f   t he   so l i d  specimens ( f i g u r e  16b) i nd i ca ted  
t h a t   t h e   d r i l l e d   h o l e s   f o r   h o l d i n g   t h e  sample  and  thermocouple  caused  crack 
i n i t i a t i o n   a t   t h e  edge o f   t h e  specimen. Specimen l i f e  was n o t   s i g n i f i c a n t l y  
reduced  by  the  ef fects  of   the  hole  s ince  independent  cracks were  observed t o  
occur   s imul taneously   in   the  cent ra l   reg ion.   A lso,  i t  was observed  that  inde- 
pendent  cracks  were  present  adjacent t o   t h e  main  crack  ( f igure 16b)  and t h a t  
f i r s t  cracks  appeared  at 70 t o  90 percent   o f   the   cyc les   requ i red   fo r   fu l l   b reak .  
Therefore,  specimen 1 i f e   cou ld   no t  have  been  increased  by  more  than 10 t o  30 
Percent if f a i l u r e  had  been i n i t i a t e d   s o l e l y  by   c rack ing   i n   t he   cen t ra l   reg ion .  
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I n   add i t i on ,   t he   reasonab le   compar i son   t o   p red ic t i ons   i n   f i gu re  15 suggests  that  
t h e   l i f e   r e d u c t i o n  was n o t   s i g n i f i c a n t .  

Elevated  t 'emperatures. - The cyc le  1 i f e  c u r v e s   i n   f i g u r e  12 show large  re-  
duct ions  .at   e levated  temperature as  compared t o  room temperature,  average 1 i f e  
reduct ions  o f   about   60  percent   a t  4 percent   s t ra in   range and  90 pe rcen t   a t  
I p e r c e n t   s t r a i n .   R e l a t i v e   f a t i g u e  1 i f e   p r e d i c t i o n s  based  on reduc t ion- in -area  
p r o p e r t i e s  do no t   p rov ide  a c o r r e l a t i o n   w i t h   t h e s e   r e s u l t s   s i n c e ,   f o r  example, 
M a r t i n ' s   r e l a t i o n   p r e d i c t s   a t  most a 26 percent 1 i f e   r e d u c t i o n   f o r   H a s t e l l o y  X 
and increases   in   Incone l  625 l i f e .  The l o s s   i n   l i f e  was t h e r e f o r e   a t t r i b u t e d  
to   cumu la t i ve   c reep  damage, an e f fec t   no ted   by   seve ra l   i nves t i ga to rs   i nc lud ing  
Spera i n   h i s   r e c e n t   w o r k  on  combined  creep and f a t i g u e  damage ( references 12 
and  13). Ca lcu la t i ons   o f   t he   c reep  and f a t i g u e  damage f rac t ions ,   d iscussed  in  
appendix B, are   in   reasonab le  agreement w i t h   t h e   t e s t   r e s u l t s  and the   p red ic ted  
creep damage f o r   H a s t e l l o y  X a t  1540'F ( I  1 IOOK) was 75 p e r c e n t   o f   t h e   t o t a l  
damage a t  4 p e r c e n t   p ' l a s t i c   s t r a i n  and 9 5   p e r c e n t   o f   t h e   t o t a l   a t  I percent  
s t ra in . '  The l i f e   ca l cu la t i ons   ag ree   w i th   t he   t rends   i n   t he   e leva ted   t empera tu re  
t e s t   d a t a   i n   t h a t  ( I )  creep damage exceeded f a t i g u e  damage f o r   s t r a i n s   g r e a t e r  
than 4 percent  (2)   the  creep damage f rac t i on   i nc reased   a t   t he   l ower   s t ra ins  
( increased  creep damage due t o   l o n g e r   t e s t   l i f e   w h i c h  was no t  compensated f o r . b y  
the   l ower   s t ress   l eve l )  and ( 3 )   t h e   s t r a i g h t  1 i n e   r e l a t i o n  between l o g   s t r a i n  
and l o g   l i f e   e x h i b i t e d   i n   t h e   t e s t s  was dup l i ca ted  by t h e   c a l c u l a t i o n s .  

The e leva ted   t empera tu re   cyc le   l i f e   o f   bo th   a l l oys  was h i g h e r   i n   t h e  as- 
rece ived  cond i t ion   than when they  were  subjected t o   t h e  1925'F (1330'K) cyc le .  
Th is  was a t t r i b u t e d   t o  a decrease  in  creep  strength due t o   t h e  1925'F (1330'K) 
cycle  si .nce  creep.was  the  predominate damage mechanism  and  no a p p r e c i a b l e   d i f -  
ferences  existed  between  the measured d u c t i l i t i e s   f o r   t h e  two  mater ia l   cond i t ions .  

P la te -F in   Fa t igue 

Has te l l oy  X and Incone l   625   p la te - f i n  specimens  brazed w i t h   P a l n i r o  I and 
P a l n i r o  7 were t e s t e d   a t  room  and e l e v a t e d   t e m p e r a t u r e s   u t i l i z i n g  a f i n   o r i e n t a -  
t i o n  as shown i n   f i g u r e  4.  Specimens w i t h   f i n s  90 degrees t o   t h e  above o r i e n t a -  
t i o n  were tes ted   us ing   Incone l  X-750 facesheets and Inconel   625  f ins.  The t e s t  
r e s u l t s   a r e  summarized i n   t a b l e  6  and t h e   a v e r a g e   f a t i g u e   l i f e   v a l u e s  were 
es tab l i shed  by the  same procedures  as fo r   the   paren t   meta l  samples  (see  appendix 
A ) .  The Has te l l oy  X and Incone l   625   resu l t s   a re   a l so  summarized i n   f i g u r e  17. 
Typ ica l  specimen f a i l u r e s   a r e  shown i n   f i g u r e  18. 

F a t i g u e   l i f e   o f   H a s t e l l o y  X specimens  brazed w i t h   P a l n i r o  I exceeded  those 
w i t h   P a l n i r o  7 by  about 50 percen t   a t  room tempera ture   a l though  tens i le   tes ts  
i n d i c a t e d   t h a t   r e d u c t i o n   i n   a r e a   o f  specimens  coated w i t h   t h e   t w o   a l l o y s  were 
approximately  equal .  Thus, a l though  reasonab le   cor re la t ion   o f  room temperature 
p a r e n t   m e t a l   f a t i g u e   l i f e   t o   c u r r e n t   t h e o r y  was obta ined  us ing measured due- 
t i l i t y ,   t h e   p l a t e - f i n   r e s u l t s   c a n n o t  be c o r r e l a t e d   i n   t h i s  manner. E levated 
t e m p e r a t u r e   c y c l e   l i f e  was much lower  than room tempera tu re   l i f e .   Th i s   i s  
a t t r i b u t e d   t o   c r e e p  damage ra ther   than  reduc t ion- in -area   var ia t ions  as noted 
f o r   t h e   p a r e n t   m e t a l   t e s t s  and discussed  in  appendix B. Specimens b razed   w i th  
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P a l n i r o  I and P a l n i r o  7 had approximately  equal   cycles t o   f a i l u r e   a t  1540'F 
( I  I IO'K) and the  temperature  increase  f rom 1340 t o  1540'F (1000 t o  I I IO'K) 
caused a n o t i c e a b l e   l i f e   d e c r e a s e   f o r  specimens w i th  P a l n i r o  I .  The Has te l l oy  
X-Paln i ro  I samples  were  subjected t o  a 200 s h o l d   a t  maximum s t r a i n   ( t w i c e  each 
c y c l e )   i n  1540'F ( I  I IO'K) t e s t s  and t h e   r e s u l t s   a r e   a l s o  shown i n   f i g u r e  17a. 
The a d d i t i o n a l   h o l d  caused a d e c r e a s e   i n   l i f e   o f  up t o  60 percent .compared t o  
t e s t s   w i t h o u t   h o l d   t i m e .  The loss i n   l i f e  was c l e a r l y  due t o  creep damage s ince  
t h e   o n l y   t e s t   v a r i a b l e  was the   add i t i on   o f   t imed   sus ta ined   s t ra in   app l i ca t i ons .  
Th is  shows that  steady-state  temperature  d i f ferences  which  are  repeatedly  main- 
t a i n e d   a t   e l e v a t e d   t e m p e r a t u r e s   c a n   l e a d   t o   s i g n i f i c a n t   m a t e r i a l  damage. I n  
most e leva ted   tempera ture   opera t ions   the   t rans ien t   thermal   s t ra ins  exceed  steady- 
s t a t e   s t r a i n s  and t h e r e f o r e   d e t e r m i n e   t h e   c y c l e   l i f e .  However ho ld  t ime damage 
may be p a r t i c u l a r l y   i m p o r t a n t  when a d d i t i o n a l  damage occurs  dur ing  s teady-state 
thermal   s t ra ins   o r  when t h i s  damage dominates  that due t o   t r a n s i e n t   s t r a i n s .  

For   the room temperature  Inconel  625 p l a t e - f i n   t e s t s ,  specimens  brazed  with 
P a l n i r o  7 had  about 40 p e r c e n t   g r e a t e r   c y c l e   l i f e   t h a n   t h o s e   w i t h   P a l n i r o  I .  
T h i s   t r e n d  i s  cons is ten t   w i th ,   bu t  does n o t   d i r e c t l y   r e l a t e   t o   t h e  measured 
r e d u c t i o n   i n   a r e a   s i n c e   d u c t i l i t i e s   o f  37 and 40 p e r c e n t   f o r   P a l n i r o  I and 
P a l n i r o  7, ' r e s p e c t i v e l y ,   w o u l d   g i v e   t h e   l a t t e r  a 21 p e r c e n t   h i g h e r   l i f e  by  the 
M a r t i n   r e l a t i o n   ( r e f e r e n c e  8 ) .  P a l n i r o  7 was a l s o   s t r o n g e r   a t  1540'F (IIIO'K), 
a l though  the   curves   converge  a t   the   lower   s t ra in   va lues .  The 50 p e r c e n t   d i f -  
fe rence  a t  2.5 p e r c e n t   s t r a i n  may be due p r i m a r i l y   t o   t h e   d i f f e r e n t  measured 
r e d u c t i o n   i n  areas, 25 and 40 p e r c e n t   f o r   P a l n i r o  I and P a l n i r o  7 coated coupons, 
respec t i ve l y .  The two  specimen  types  apparent ly  have  s imi lar   creep  strengths 
s ince  as  creep damage  becomes more impor tant   a t   the  lower   s t ra ins  (appendix  B )  
t h e   c y c l e  1 i f e   c a p a b i l  i t  ies  converge. The 1340'F ( IOOO'K) curve does not  agree 
w i t h   t h e  room temperature  resul ts  s ince  creep damage shou ld   lead   to  a divergence 
o f   t he   cu rves   a t   l ower   s t ra ins .  The t e s t   p o i n t   a t  0.33 p e r c e n t   p l a s t i c   s t r a i n  
i s  s t r o n g l y   a f f e c t e d  by t h e   y i e l d   s t r e n g t h   w h i c h  i s  a f u n c t i o n   o f   t h e  amount o f  
work  hardening  exper ienced  by  the  mater ia l .  The t e n s i l e   t e s t   y i e l d   m a y , n o t  be 
r e p r e s e n t a t i v e   o f   t h e   l o c a l   m a t e r i a l   b e h a v i o r   o r   t h e  assumed 0. 16 hardening 
exponent may no t  be app l i cab le .  The comparison  between  the 1340 and 1540'F 
(1000 and IIIO'K) t e s t s  i s  cons i s ten t   w i th   i nc reas ing   c reep  damage a t   the   lower  
s t r a i n s  and higher  temperature.  However, a t   t h e   h i g h e r   s t r a i n s ,  where  creep i s  
a less  impor tant   factor ,   the  lower  1340'F ( IOOO'K) 1 i f e  i s  c o n s i s t e n t   w i t h  
the  reduct  ion-  in-area measurement of   the  e levated  temperature  coated  coupons. 

The H a s t e l l o y  X - P a l n i r o  I and  Inconel 625 - P a l n i r o  7 were the   s t ronges t  
o f   t h e   f o u r   p l a t e - f i n   c o m b i n a t i o n s   t e s t e d .  The comparison i n   f i g u r e  19 
(ob ta ined  f rom  f igure  17)  shows that   they  were  o f   about   equal   s t rength  a t  room 
and elevated  temperatures.   Figure 19 a l so   p rov ides  an i n d i c a t i o n   o f   t h e   e f f e c t s  
o f   f a b r i c a t i o n  on f a t i g u e   l i f e  by  comparing  the  two  plate-f in  specimens  wi th 
t h e   c a v i t y   p a r e n t   m e t a l  samples  ( f rom  f igure 12). O v e r a l l   s t r a i n   c o n c e n t r a t i o n  
f a c t o r s   ( r a t i o   o f   p a r e n t   m e t a l   t o   p l a t e - f i n   s t r a i n   a t   c o n s t a n t   l i f e )  can  be 
determined  from  these  curves. A t  room tempera ture   ( f igure  19a) the   Has te l l oy  X 
p l a t e - f i n   s t r a i n   c o n c e n t r a t i o n  i s  an average o f  2.4 whereas the  Inconel  625 
s t r a i n   c o n c e n t r a t i o n   v a r i e s  from 2.4 a t  20 c y c l e s   t o  3.7 a t  500 cycles,  an 
average  factor   o f   about  3 (a v a r i a b l e   c o n c e n t r a t i o n   f a c t o r   f r e q u e n t l y   o c c u r s   f o r  
no tched  spec imens  tes ted   in   the   p las t i c   s t ra in   reg ion ,   w i th   the   concent ra t ion  
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f a c t o r   i n v e r s e l y   p r o p o r t i o n a l   t o   s t r a i n   r a n g e ) .  A t  154OoF (lllO°K) t he   p la te -  
f i n  and parent   meta l   curves   converge  a t   the   lower   s t ra ins   ind ica t ing   tha t   the  
p l a t e - f i n   c y c l e   l i f e   b e h a v i o r  where  creep damage predominates   d i f fe rs   apprec i -  
ab l y   f rom  fa t i gue   behav io r .  The Has te l l oy  X p l a t e - f i n   c o n c e n t r a t i o n   f a c t o r   a t  
154OoF ( I  I 1 0 9 K )  v a r i e s   f r o m  2.4 a t  20 c y c l e s   t o  1.2 a t  500 cyc les .  The va r ia -  
t i o n   f o r   I n c o n e l   6 2 5  i s  less  pronounced;  from 1.6 a t  20 c y c l e s   t o  about 1.4 
a t  500 cycles.  These concent ra t   ion   fac to rs   represent  an overa l  1 reduc t   ion   in  
s t r e n g t h  due t o  a combination of braze  alloy,  geometry, and f a b r i c a t i o n   e f f e c t s .  
Use o f   these  fac to rs .   to   p red ic t   per fo rmance  o f   p , la te - f in   sandwiches  w i th  o t h e r  
fabr ica t ion   co inb ina t   ions   i s   there fore   no t  recommended, except t o   g i v e   a p p r o x i -  
mate es t imates  i f  t e s t i n g  i s  n o t   f e a s i b l e .  

The p red ic ted   f a t i gue   s t reng ths   o f   as - rece ived   I ncone l   625  and Inconel  X- 
750 a re  compared t o   t h e  room t e m p e r a t u r e   p l a t e - f i n   r e s u l t s   i n   f i g u r e  20 us ing  
t h e   M a r t i n   r e l a t i o n   f o r   t h e   p r e d i c t e d   c u r v e s   s i n c e  i t  p r o v i d e d   t h e   c l o s e s t   l i f e  
es t imates   fo r   the   paren t   meta l  samples. The Incone l   625   resu l t s   i n   f i gu re  20a 
show t h a t   t h e   p l a t e - f   i n   c u r v e  has an o v e r a l l   s t r a i n   c o n c e n t r a t i o n   f a c t o r  o f  2.6 
compared to   the   es t imat ion   fo r   as - rece ived  0 .01- in .   (0 .03  cm) sheet   ( the  va l id-  
i t y   o f   t h e   a s - r e c e i v e d   e s t i m a t e  i s  subs tan t ia ted   by   the   cav i ty  specimen  data 
inc luded  in   f igure   20a) .  The p r e d i c t e d   c y c l e s   t o   f a i l u r e   f o r   I n c o n e l  X-750 i n  
the   as- rece ived  cond i t ion  and as a p l a t e - f i n  sandwich w i t h   t h e   s t a n d a r d   f i n  
o r i e n t a t i o n   a r e  compared t o  t h e   p l a t e - f   i n  specimens w i t h   t h e  90 degree f i n  
o r i e n t a t i o n   i n   f i g u r e  20b. The Incone l   625   p la te - f   i n   s t ra in   concen t ra t i on  
f a c t o r   o f  2.6 was app l ied   to   as- rece ived  Incone l  X-750 r e s u l t s   t o   e s t i m a t e  
Incone l  X-750 p l a t e - f i n   l i f e   f o r   t h e   s t a n d a r d   f i n   o r i e n t a t i o n .  When compared 
to   as- rece ived  sheet   the   tes ts  w i t h  t h e  90  degree f i n   o r i e n t a t i o n  show an aver- 
age c o n c e n t r a t i o n   f a c t o r   o f  2 over   the 50 t o  2000 cyc le  range.   Th is   est imate 
i s  dependent on the   I ncone l  X-750 duct i 1  i t y   p r o p e r t i e s ;  however, w i th   the   max i -  
mum o f  49.5  percent  found  in  the 1 i t e r a t u r e   ( r e f e r e n c e  14), t he  90 degree f i n  
has  about a 20 pe rcen t   l ower   concen t ra t i on   f ac to r   t han   t he   s tandard   f i n .   Th i s  
c o n c e n t r a t i o n   f a c t o r   o f  2 also  agrees  approximately w i th  a c a l c u l a t e d   f a c t o r   f o r  
the  90  degree f i n   o f  1.7 t o  3.0  based on reversed  loading  o f  a t e n s i l e   b a r   w i t h  
0.010 in.  (0.025 cm) th ickness  ( facesheet)  f o r  one-quarter t o   o n e - h a l f  o f  i t s  
l eng th  and a 0.014 in.  (0.036 cm) s e c t i o n   ( f a c e s h e e t   p l u s   f i n )   f o r   o n e - h a l f   t o  
t h r e e - f o u r t h s   o f   t h e   l e n g t h .   F i n   g e o m e t r y   d e t a i l s   l e a d i n g   t o   c o n c e n t r a t i o n  
f a c t o r s   t h a t   a r e  a f u n c t i o n  o f  o r i e n t a t i o n  can be seen i n   f i g u r e  4 .  These com- 
p a r a t i v e   r e s u l t s   f o r   t h e   t w o   f i n   o r i e n t a t i o n s   i n d i c a t e   t h a t   t h e   s t a n d a r d   o r i e n t a -  
t i o n  produces  the  lowest   l i fe .  

I f  t h e   s t r a i n   c o n c e n t r a t i o n   f a c t o r   d i s c u s s e d  above cou ld  be separa ted   in to  
a f a c t o r   f o r  each fabr ica t ion   p rocess ,   reduced  tes t ing   wou ld   be   requ i red   to  
ob ta in   des ign   da ta .  However t h e s e   l i m i t e d   e v a l u a t i o n s   i n d i c a t e   t h a t   b r a z e   a l l o y  
and geometr ica l   e f fects   are  not   independent .   For  example, the   Incone l   625  p la te -  
f i n   d a t a   i n   f i g u r e  20a i n d i c a t e s   t h a t   p l a t e - f i n  1 i f e   r e d u c t i o n s   a r e   p r i m a r i l y  
a t t r i b u t a b l e   t o   g e o m e t r i c a l   e f f e c t s   s i n c e   t h e   p r e d i c t e d   a n d - t e s t e d   c y c l e s   t o  
fa i l u re   o f   as - rece ived ,   b raze   cyc le  and coated  sheet  are  in  close  agreement. 
However, i n  a s imi la r   compar ison   fo r   Incone l  X-750 i n   f i g u r e  20b the  geometr ica l  
s t r a i n   c o n c e n t r a t i o n   f a c t o r   f o r   t h e   s t a n d a r d   f i n   w o u l d  be  about 1.5 (standard 
f i n  vs P a l n i r o  7 coated  sheet)  compared t o  2.6 es t ima ted   f o r  combined f a b r i c a -  
t i o n   e f f e c t s .   S i n c e   f a t i g u e   t e s t s  were  not  performed  on  coated  parent  metal  the 
v a l i d i t y   o f   u s i n g   t h e   c o a t e d   s h e e t   d u c t i l i t y  measurements t o   e s t i m a t e   l i f e   o f  
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the   coa ted   mater ia l  was not  determined. However the   t es t   resu l t s   demons t ra te  
t h a t   t h e   c o r r e l a t i o n   w o u l d   n o t  be  adequate f o r   p r e d i c t i n g   t h e   s e p a r a t e   e f f e c t   o f  
b raze   a l l oy   app l i ca t i on .   A l so ,  as noted above, the room tempera tu re   p la te - f i n  
r e s u l t s   d i d   n o t   c o r r e l a t e   t o   r e l a t i v e  measured  duct il i t y   p r o p e r t i e s   o f   P a l n i r o  
I and P a l n i r o  7 c o a t e d   t e n s i l e  coupons. The l a c k   o f   c o r r e l a t i o n  between  coated 
specimen  duct il i t y  and f a t i g u e  1 i f e  would be expected if f a t i g u e  1 i f e  were 
dependent  on m a t e r i a l   b e h a v i o r   i n  a l oca l i zed   reg ion  whereas  coated  sheet t e n s i l e  
tests   produce  average  duct i  1 i t y   p r o p e r t i e s   i n   t h e   f r a c t u r e   r e g i o n .  

CONCLUDING REMARKS 

An exper imenta l   low-cyc le  fa t igue  evaluat ion  o f   Haste l loy X and Inconel  625 
sheet  and  sandwich  panel  specimens  has  been  performed to   p rov ide   des ign   da ta  
fo r   regenera t ive ly   coo led   pane ls .  A test   apparatus was designed and const ructed 
t o   a p p l y  an a l t e r n a t i n g   s t r a i n   t o  a v a r i e t y   o f   p a r e n t   m e t a l  and p l a t e - f i n  sand- 
wich specimens a t  room temperature, 1340'F  (IOOO'K) and 1540'F ( I  1 IO'K). Reduc- 
t ion- in-area  proper t ies,   obta ined from supp lementary   tens i   le   tes ts  o f  t he  
desired  sheet  thicknesses,  were  used t o   c o r r e l a t e   t h e   f a t i g u e   r e s u l t s   t o   c u r r e n t  
p r e d i c t   i o n  methods.  Specimen conf igura t ion ,   tes t   cond i t ions ,  and mater ia l   se lec-  
t ion  were  based  on p r e v i o u s   a n a l y t i c a l  and exper imenta l   s tud ies  o f   regenerat   ive ly  
cooled  panels  reported  in  references I and 2. 

Reduct ion- in-area measurements o f   t e n s i l e   t e s t  specimens showed v a r i a t i o n s  
due t o   t h i c k n e s s ,   f a b r i c a t i n g  method, heat  t reatment and  a su r face   coa t ing   o f  
such  magni tude  that   ext rapolat ion  outs ide  the  test   range  would  not  be des i rab le  
f o r   a c c u r a t e   d u c t i l i t y   e s t i m a t e s .   B r a z e   a l l o y   c o a t e d  specimens of   0.01- in.  
(0.03 cm) th ickness  showed s i g n i f i c a n t   l o s s e s   i n   d u c t i l i t y  as  compared t o  as- 
received  sheet.  The ma jo r   reduc t i ons   occu r red   a t   t he  1540'F ( I  1 IO'K) t e s t  tem- 
pe ra tu re  wi th t h e   P a l n i r o  I braze   a l l oy .  

Tens i l e   s t reng th  changes w i t h   t h i c k n e s s  and m a t e r i a l   c o n d i t i o n  were less  
pronounced  than  the  duct i  1 i t y   v a r i a t i o n s .   T e s t   r e s u l t s  were  comparable t o  
pub l i shed data, a l t hough   the   t es ted   u l t ima te   s t reng ths   a t   e leva ted   t empera tu res  
were  higher due t o  a f a s t e r   t e s t   l o a d i n g   r a t e .  The 1925'F  (1330'K) s imulated 
braze  cyc le  caused  increased  Hastel loy X u l t i m a t e   s t r e n g t h  and  decreases i n  
y ie ld   o f   bo th   a l l oys .   B raze   a l l oy   coa t i ngs   genera l l y   reduced  specimen t e n s i l e  
s t rength.  

Has te l l oy  X and Inconel  625 parent   meta ls  had  comparable  cycles t o   f a i l u r e  
based on equa l   app l i ed   p las t i c   s t ra in   ranges .  Room tempera tu re   f a t i gue   resu l t s  
compared f a v o r a b l y   t o   c u r r e n t  1 i f e   p r e d i c t i o n s  based on  measured. mater ia l   reduc- 
t ion  in  areas.  There was a s i g n i f i c a n t  loss i n  1 i f e   a t   e leva ted   t empera tu re  
r e l a t i v e   t o  room temperature.  This  reduct  ion  cannot be exp la ined on the   bas is  
o f   cu r ren t   f a t i gue   t heo ry  and i t  was a t t r i bu ted   t o   accumu la ted   c reep  damage 
dur ing  the  load  cycle.   Furthermore,  creep damage  was apparent ly   the  dominat ing 
f a i l u r e  mechanism a t  1540'F (IIIO'K). 

The p l a t e - f i n   c y c l e s   t o   f a i l u r e   o f   H a s t e l l o y  X b r a z e d   w i t h   P a l n i r o  I and 
Inconel  625 b r a z e d   w i t h   P a l n i r o  7 were g e n e r a l l y   s u p e r i o r   t o   t h e   o t h e r   m a t e r i a l  
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combjnations  over  the  entire  temperature  range. A s  noted   fo r   the   paren t   meta l  
specimens, elevated  temperature l i f e  was grea t ly   reduced due t o  creep damage. 
Timed h o l d s   a t  maximum s t r a i n   a t  1540°F ( l l l O ° K )  caused s i g n i f i c a n t   l i f e  reduc- 
t ions   ind ica t ing   tha t   s teady-s ta te   thermal   s t ra ins   fo r   repeated   ex tended  oper -  
a t i ng   t imes   cou ld   gove rn   cyc le   l i f e   des ign .  

The p l a t e - f   i n  spec imen  combinat ions  exhib i ted  overa l l   s t ra in   concentrat   ion 
f a c t o r s   o f  2.4 t o  3.0 a t  room temperature and 1.5 t o  1.8 a t   e leva ted  temper- 
a ture.  These concent ra t ion   fac to rs   represented  an accumu la t i on   o f   t he   e f fec ts  
o f   b raze   a l l oy ,  geometry,  and f a b r i c a t i o n ;   t h e   t e s t   r e s u l t s   i n d i c a t e   t h a t  
s e p a r a t i o n   o f   t h e   e f f e c t s  i s  no t   p resen t l y   f eas ib le  and t h a t   f a t i g u e   t e s t :   o f  
t h e   f a b r i c a t e d   p l a t e - f i n   s a n d w i c h   a r e   r e q u i r e d   f o r   a c c u r a t e  1 i f e   es t ima tes .  

17 



APPENDIX A 

DATA REDUCTION 

Tens i l e   T e s t s  

Reduct ion  in   area.  - Specimen th ickness   o r   d iameter  was de te rm ined   to   w i th -  
i n  0.0001 in .  (0.0003 cm) p r i o r   t o   t e s t i n g .  Subsequent t o   f a i l u r e ,   t h e   t h i c k -  
ness o f   b o t h   s i d e s   o f   t h e   f r a c t u r e  w a s  measured w i t h  a hand micrometer   (anv i l  
t i p ) .  The micrometer  th ickness measurements  were taken 0.01 t o  0.03 in. (0.03 
t o  0.08 cm) f r o m   t h e   e d g e   o f   t h e   f r a c t u r e   s i n c e   t h e   f r a c t u r e   f a c e  was not  always 
p e r p e n d i c u l a r   t o   t h e   p l a n e   o f   t h e  specimen. The area   reduc t ion  was gradual 
a long  the  spec imen  ra ther   than  loca l   a t   the  f racture zone so t h e   e r r o r   i n  meas- 
urement was w i t h i n   t h e   a c c u r a c y   o f   t h e   i n i t i a l   t h i c k n e s s  measurements. However, 
as  specimen thickness  decreased  there was i n c r e a s e d   u n c e r t a i n i t y   i n   t h e  computed 
d u c t i l i t y  because  decreasing  thickness  changes  were  measured  with  constant 
p r e c i s i o n .   O p t i c a l  measurements  were a lso  a t tempted;  however, the   accuracy   d id  
no t  exceed tha t   o f   t he   m ic romete r  measurements s ince   a t   the   requ i red   magn i f i ca-  
t i o n   t h e   l i m i t e d   d e p t h   o f   f o c u s   p r e v e n t e d   a c c u r a t e   d e f i n i t i o n   o f   t h e   i r r e g u l a r  
edge o f   t h e  specimen. 

For  the  sheet specimens, th ickness  measurements  were t a k e n   a t   f i v e   l o c a -  
t i o n s   a c r o s s   t h e   w i d t h   o n   e i t h e r   s i d e   o f   t h e   f r a c t u r e .  The f i v e   l o c a t i o n s  were 
app rox 
p i eces 
shown 
a t   t h e  

W 
anot he 

mately  equispaced. Sample w i d t h  was ob ta ined   by   p lac ing   t he   f rac tu red  
together  and  measuring  the minimum value. A t y p i c a l   s e t   o f  measurements 
n t a b l e  7 i n d i c a t e s   t h e  sample var ia t ions   such as p r e f e r e n t i a l   t h i n n i n g  
c e n t e r   o f   t h e  specimen due t o   b i a x i a l   s t r e s s   e f f e c t s .  

i re  d iameters  were  measured  at   two  locat  ions,   rotated 90 degress  from one 
r. Otherwise  the  wire  measur ing  technique was i d e n t i c a l   t o   t h a t  used f o r  

sheet  specimens. 

Elongat ion.  - Sheet e l o n g a t i o n   a f t e r   f r a c t u r e  was ob ta ined by f i t t i n g   t h e  
f a i l e d   s e c t i o n s   t o g e t h e r  and measuring  the  distance  between  extensometer  marks. 
I n i t i a l   s e p a r a t i o n   o f   t h e  marks  (gauge leng th )  was 2 in .  (5  cm) excep t   f o r   t he  
0.01-and  0.02-in. (0.03 and 0.05 cm) th ickness   mater ia l   wh ich  had the  exten- 
someter   marks   ou ts ide   the   cons tan t   w id th   sec t ion   to   avo id   fa i lu re   a t   the  gauge 
marks in   the   e leva ted   tempera ture   tes ts .   Th is   in t roduced an e r r o r   i n   e l o n g a t i o n  
measurements o f  about I O  percent due t o   t h e   i n c r e a s e d   w i d t h   o f   t h e  specimen a t  
e i t h e r  end o f   t h e   l o n g e r  gauge length.  

Wire  e longat ion was a l s o   o b t a i n e d   b y   f i t t i n g   t h e  sample sec t ions   together  
a f t e r   f a i l u r e .   S c r i b e  marks, a p p l i e d   p r i o r   t o   t e s t i n g ,   p r o v i d e d   t h e   r e f e r e n c e  
measur ing  points.  

Y i e l d  and u l t i m a t e   t e n s i l e   s t r e n g t h , -   Y i e l d   s t r e n g t h  was determined  a t  
t he  0.2 p e r c e n t   o f f s e t   p l a s t i c   s t r a i n   p o i n t  as  measured  on t h e   i n i t i a l   e x t e n -  
someter  load-deflect ion  curve  used  for  the  sheet  specimens.  Yield was not 
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measured f o r   t h e   w i r e  samples s i n c e   e x t e n s m e t e r  measurements  were not  obtained. 
U l t i m a t e   s t r e n g t h  was t h e  maximum s t r e s s   v a l u e   a t t a i n e d   b y   t h e   t e n s i l e  coupon. 

Fat igue  Tests 

P l a s t i c   s t r a i n  range. - When the  specimen  conforms t o   t h e  mandrel  radius, 
t h e   a p p l i e d   t o t a l   e n g i n e e r i n g   s t r a i n   i n   t h e  specimen length  dimension, E,', i s  
r e l a t e d   t o   o v e r a l l  specimen he igh t  and  mandrel radius  by 

E; = h/(Rm + 0.5h) 

The genera l   re la t ion   be tween  t rue  and e n g i n e e r i n g   s t r a i n s  

E = i n  ( 1  + G ' )  

i s  used t o   c o n v e r t   t o   t h e   t o t a l   t r u e   s t r a , i n  component, c l ,  s ince   t he   des i red  

t r u e   s t r a i n s   a r e   n o t i c e a b l y   d i f f e r e n t  from e n g i n e e r i n g   s t r a i n s   a t   t h e   t e s t e d  
s t r a i n   l e v e l s .  Subsequent c o m p u t a t i o n s   o f   t r u e   p l a s t i c   s t r a i n  ranges  were 
d e t e r m i n e d   f r o m   t h e   t o t a l   t r u e   s t r a i n   f o r   t h e  beam and p l a t e  specimens u t i l i z i n g  
m a t e r i a l   s t r e s s - s t r a i n   p r o p e r t i e s   f o r   t h e   r e p e a t i n g   c y c l e  shown i n   f i g u r e  21. 
The t o t a l   s t r a i n  range shown i n   f i g u r e  21 c o n s i s t s   o f   t w i c e   t h e   e l a s t i c   s t r a i n  
p l u s   t h e   p l a s t i c   s t r a i n  so  ma te r ia l   s t ress -s t ra in   behav io r  was c o r r e l a t e d   t o   t h e  
loading  curve  f rom  po ints  4 t o   I .  The compress ive   s t ress-s t ra in   curve   i s  assumed 
t o  be i d e n t i c a l   t o   t h e   t e n s i l e   c u r v e .  The r e s u l t i n g   ( t r u e )   p l a s t i c   s t r a i n  ranges 
are  summarized f o r   t h e   f o u r  specimen  types i n   t a b l e  8, and the   assoc ia ted  mate- 
r i a l   e n g i n e e r i n g   p r o p e r t i e s   f r o m   t h e   t e n s i l e   t e s t s  and pub1  ished  data  are  pre- 
sen ted   i n   t ab le  9. The eng ineer ing   p roper t i es  were  converted t o   t r u e   s t r e s s -  
s t ra in   va lues   by   t he  power  law re la t i on   wh ich   accu ra te l y   desc r ibes   un iax ia l   t r ue  
s t ress -s t ra in   behav io r .  

U =  B 

A s t ra in   ha rden  
Assuming t h a t  u 

E 
m 
P 

ing  exponent, m, o f  0.16 accoun ts   f o r   cyc l  
l t i m a t e   s t r e n g t h  i s  no t   a f fec ted   by   cyc l   i c  

the  constant, B, is 

i c   m a t e r i a  
harden i ng 

(4 

1 behav i or. 
o r  sof tening, 

The fac to r ,  e , c o n v e r t s   e n g i n e e r i n g   u l t i m a t e   t o   t h e   e q u i v a l e n t   t r u e   s t r e s s   a t  
t h e   t e n s i l e   i n s t a b i l i t y   s t r a i n ,  m. 

m 

Beam behavior:  The 0.4- in. ( I  .O cm) w i d t h   c a v i t y   p a r e n t   m e t a l  specimen 
performed  as a  beam i n  bending.  This was v e r i f i e d  by  stresscoat and s t r a i n  
gauge tes ts   pe r fo rmed   a t  rom temperature on a 0.6-in.  (1.5 cm) w i d t h  specimen 
shown i n   f i g u r e  22. The s t resscoa t   pa t te rn  shows l a t e r a l   c r a c k s ,   i n d i c a t i n g  
uni form  s t ress  across  the  width,  and t h e  measured s t r a i n s   a g r e e d   w i t h   t h e   t p t a l  
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s t ra ins   ca l cu la ted   f rom  equa t ion  2. For beam behavior ,   the  cyc le  for  the  
lengthwise components ( f i g u r e  21) i s   t h e  same as f o r   u n i a x i a l   l o a d i n g  so t h e  
p l a s t i c   s t r a i n  component, e I p ,  i s  t h e   d e s i r e d   p l a s t i c   s t r a i n   r a n g e  e The 

t o t a l   u n i a x i a l   s t r a i n  i s  t h e r e f o r e   r e l a t e d   t o   t r u e   s t r e s s   b y  
P'  

Equations 4 and 6 p e r m i t   c a l c u l a t i o n   o f   p l a s t i c   s t r a i n   r a n g e s   ( t a b l e  8 )  from 
t h e   u n i a x i a l   t o t a l   s t r a i n  by  the  equat ion 

m 
2Bcp 

e p + -  = E " I  

Pla te   behav io r :  The 2- in .  (5  cm) w id th   so l i d   pa ren t   me ta l  and p l a t e - f i n  
specimens  were h e l d   f l a t  by  the  mandrels  in  the  central   region.  This  produces 
a b i a x i a l   s t r e s s   s t a t e   w i t h   t h e   c o n d i t i o n   t h a t   t h e   t o t a l   s t r a i n   i n   t h e   w i d t h ,  e 

i s  equal t o  zero.   This  loading was subs tan t ia ted  by d i s c o l o r a t i o n   o f   t h e  sample 
where  mandrel  contact  occurred  (see  f igure 16 b) .  The r e s u l t i n g   s t r e s s  and 
s t r a i n  components  must  be converted t o   t h e   e q u i v a l e n t   s t r e s s  and s t r a i n   w h i c h  
correspond t o   u n i a x i a l   t e n s i l e   b e h a v i o r   ( e q u a t i o n  4). The e q u i v a l e n t   s t r a i n  
range i s   d e s i r e d   s i n c e   p r e s e n t   f a i l u r e   t h e o r y   r e l a t e s   t h e   e q u i v a l e n t   p l a s t i c  
s t r a i n   t o   f a t i g u e  1 i f e .  From deformat   ion  theory  (Mises  cr i ter ion)   equiva lent  
t r u e   s t r e s s  i s  r e l a t e d   t o   t h e   t r u e   b i a x i a l  components by 

2' 

2  2 1/2 a 
eq 

= (al - ala2 + a,) 

The t r u e   e q u i v a l e n t   p l a s t i c   s t r a i n  i s  a f u n c t i o n   o f   t r u e   p l a s t i c   s t r a i n  compo- 
nents,  given by 

The r e l a t i o n  between t o t a l   s t r a i n   i n   t h e   l e n g t h ,  e l ,  and p l a s t i c   s t r a i n  

range was obta ined by an i n c r e m e n t a l   c a l c u l a t i o n   o f   t h e   b i a x i a l   s t r e s s - s t r a i n  
curve.  Values o f   p l a s t i c   s t r a i n  were  selected, and equat ion 4 g ives   the   equ iv -  
a l e n t   s t r e s s .  The boundary  condi t ion 

combined w i t h   e l a s t i c  and p l a s t i c   s t r e s s - s t r a i n   r e l a t i o n s   d e t e r m i n e s   t h e   a p p r o x i -  
mate r a t i o  between o 1  and 02. The d e s i r e d   ( e q u i v a l e n t )   p l a s t i c   s t r a i n  was 

o b t a i n e d   a t   t h e   a p p l i e d   t o t a l   s t r a i n  component, e l ,  associated  wi th   the  mandre l  
r a d i  i. 
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Cycles t o   f a i l u r e .  - The t e s t   c y c l e   l i f e  was a d j u s t e d   t o   g i v e  specimen l i f e  
for a c m o n   r e f e r e n c e   h e i g h t ,  ho, o f  0.24  in. (0.61 cm). Th is   permi t ted  com- 

p u t a t i o n  of p l a s t i c   s t r a i n s   a t   t h e   s i n g l e  specimen he igh t .  The ad jus ted   cyc le  
1 i f e ,  N', was r e l a t e d   t o   t e s t  1 i fe ,  N, through  equat ion 2, by  the  approximat  ion 

N '  N (h/hol2 

The loga r i t hm ic  avera.ge o f  a se t  o f  data  po ints ,  j, i s  
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APPENDIX B 

CREEP EFFECTS 

Recent  work  by  Spera  (references 12 and 13) i l l us t ra tes   t he   impor tance  o f  
creep damage du r ing   h igh   t empera tu re   cyc l i c   l oad ing  and est imates  creep and 
f a t i g u e  damage t o   e x p l a i n  a c o n s i d e r a b l e   v a r i e t y   o f   h i g h   t e m p e r a t u r e   c y c l i c   t e s t  
data.  His  work shows that   the  Robinson-Tiara  l inear   creep damage theory  g ives 
r e a s o n a b l e   c o r r e l a t i o n   t o   t h e   d a t a .  The suggested  general  expression  for com- 
bined  creep and f a t i g u e  damage pe r   cyc le  i s  then  the summation o f   c y c l e  and t ime 
i n c r e m e n t s   d i v i d e d   b y   t h e   l i f e   f o r  each load  leve l ,  j .  

F a i l u r e  

The f a t  

j ANk j Atk 
AQ = AQF + AQ c = c  Ti" +c 7 

o F,k o r ,k  

i s  assumed when 

zA4= I 

que damage f r a c t  i 
t u d e   d u r i n g   t h e   i i f e ,  us 

AQF = ( E ~ / C ) ~  

ion  i.n equat ion 13 f o r  a c o n s t a n t   p l a s t i c   s t r a i n   a m p l i -  
ing   the   Mar t in   parameters   in   equat ion  I ,  i s  

The creep damage f r a c t i o n  was e v a l u a t e d   f o r   H a s t e l l o y  X under  several   test  con- 
d i t i o n s   t o   e s t i m a t e   t h e  combined damage.  The r e s u l t i n g   c y c l i c   l i f e  was then 
compared t o   t h e   t e s t   d a t a .  

Typical   thermal  or   mechanical   load  cycles  at   e levated  temperatures cause 
creep damage d u r i n g   s t r a i n   a p p l i c a t i o n  and sus ta ined   s t ra ins .  The associated 
c reep   re laxa t i on   l eads   t o  a m o d i f i e d   s t r e s s - s t r a i n   c u r v e   b o t h   d u r i n g   l o a d i n g  
and a t   cons tan t   s t ra in .  A typ ica l   comple te ly   reversed  s t ress-s t ra in   cyc le  
i l l u s t r a t i n g  b0t.h r e l a x a t i o n   e f f e c t s  i s  shown i n   f i g u r e  23a. The s t r e s s   h i s t o r y  
fo r   t he   un re laxed   s t ress -s t ra in   cu rve  was based on equat ion 4. Stress  re laxa- 
t i o n  and damage were  est imated from standard   eng ineer ing   p roper ty   da ta   fo r   the  
I percent  creep and rup tu re   s t ress .  Creep r a t e  and 1 i f e   a t   t h e   d e s i r e d  tempera- 
t u r e  were r e l a t e d   t o   s t r e s s   b y   t h e  power  law expressions. 

t r  = A a  -4 
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The creep damage per  cycle,   f rom  equat ions 13 and 17, i s  t h e r e f o r e  

where  equation 16 de termines   the   s t ress   h is to ry .  A l i n e a r   c r e e p   r a t e  was 
assumed t o  a s t r a i n   o f  I percent  s ince  creep  strain  vs  t ime  curves  were  not 
a v a i l a b l e   f o r   H a s t e l l o y  X (o f   the   two  a i   loys ,   Has te l loy  X pub1 ished  p roper ty  
data  exceeds  that   o f   Inconel   625) .  As discussed  below,  the  use  of   engineer ing 
c reep  da ta   in t roduces   e r ro rs   in   bo th   c reep  ra te  and creep l i f e  est imates. The 
s i m p l i f i e d   u n i a x i a l   t e n s i l e   l o a d i n g  shown i n   f i g u r e  23b was used t o  compute 
damage ra ther   than  the  more   exac t   cyc le   in   f igure  23a, which has an increased 
p l a s t i c   s t r a i n  range due t o  c reep  re laxa t ion .   Equa l   tens i le  and  compressive 
damage were  also assumed a l though Spera (reference 13) recommends igno r ing   t he  
compress ive   sus ta ined  s t ra in   app l i ca t ion .  The  damage e s t i m a t e s   f o r   t h e   s u s t a i n e d  
s t r a i n s   i n   t h e   p a r e n t   m e t a l   t e s t s   a r e   n o t   o f   s u f f i c i e n t   a c c u r a c y   t o   e v a l u a t e   t h e  
importance  of  that  assumption. 

The calculat ions  were  based on pa ren t   me ta l   t ens i l e   p roper t i es  1 i s t e d   i n  
t a b l e s  9a and b, and  creep  constants  (equations 16 and 17) i n   t a b l e   9 c   f o r  as- 
rece ived  Has te l loy  X ( re fe rence 4). The ha l f -cyc le   load ing   t imes  were   0 .5  and 
I . O  s f o r   t h e   c a v i t y  and s o l i d  specimens, respec t ive ly .   In   add i t ion ,   sus ta ined 
s t ra in   ho ld   t imes  o f   0 .05  and 0. I s were assumed f o r   t h e   r e s p e c t i v e  specimen 
types. T h i s  sho r t   du ra t i on   ho ld   occu rs   i n   t he   cen te r   o f   t he  specimen d u r i n g  
eve ry   ha l f - cyc le  due to   t he   add i . t i ona1   t ime   requ i red   t o   reach  maximum s t r a i n   i n  
adjacent  sections.  These  t imes  were  based  on  the  load  history  in  f igure 6 us ing  
c y c l e   r a t e s   o f  0.5 and  0.25 Hz. 

The tes ted  and e s t i m a t e d   c y c l e s   t o   f a i l u r e   i n   t h e  1340 t o  154OoF (I000 t o  
I I IO'K) temperature  range  are shown i n   f i g u r e  24a.  The p r e d i c t e d   c y c l e s   t o  
f a i l u r e   f o r   t h e  two  specimen  types  are  about  equal whereas the   t es t   va lues  show 
t h e   s o l i d  specimen t o  be s t ronger .   Th is   d iscrepancy may be a t t r i b u t e d   t o   v a r i a -  
t i o n s   i n  c reep  s t rength   o f   the   cav i ty  specimens due to   t he   s imu la ted   b raze   cyc le  
s i n c e   t h e   t e s t   v a l u e s   a t  room temperature  do  not show. t h e  same trend. The c a l -  
c u l a t i o n s  were  per formed  for   as- received  creep  proper t ies  s ince  the  e f fects   o f  
the   b raze   cyc le  were not  evaluated. The est imates  ind icate a more severe  loss 
i n   c y c l e   l i f e   t h a n   t h e   t e s t   r e s u l t s  as  the  temperature  increases. The p red ic -  
t ions.   a lso  overest imate  the 1 i f e   a t   t h e  lower  temperature  and  underestimate 1 i f e  
a t  154OoF ( 1 I 1 O 0 K ) .  As discussed  be low  the  engineer ing  creep  proper ty   data i s  
n o t   s u i t a b l e  fo r  c o m p u t i n g   r e l a x a t i o n   o r   l i f e ;  however, t h e   e f f e c t  on t h e   r e l a -  
t i o n  between  est imates  and  tests  of   improved  data  (or   data  usage)  is   not   c lear 
i n   t h i s  case. 

Tested and p r e d i c t e d   c y c l e s   t o   f a i l u r e   v s   p l a s t i c   s t r a i n  range  are shown 
i n   f i g u r e  24b.  The s t r a i g h t  1 i n e   r e l a t i o n s h i p  between l o g   s t r a i n  and log   cyc les  
e x h i b i t e d   b y   t h e   t e s t   r e s u l t s   i s   d u p l i c a t e d  by  the  est imating  method. The slope 
of t h e   l i f e   e s t i m a t e s  exceeds the   t es t   s lope ;  however, reasonable  agreement 
e x i s t s  between  cycles t o   f a i l u r e   f o r   t e s t  and theory  for t h e   c a v i t y  specimens. 
The ca lcu la ted   c reep damage  was about 75 percent of t h e   t o t a l  damage a t  4 percent 
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s t r a i n  and 95 p e r c e n t   a t  I percen t   s t ra in .  The p r e d i c t e d   l i f e   o f   t h e   s o l i d  
specimens i s ' a b o u t   t w o - t h i r d s   o f   t h e   t e s t   v a l u e s   a t  4 p e r c e n t   s t r a i n  and about 
o n e - f o u r t h   a t  1 p e r c e n t   p l a s t i c   s t r a i n .  The discrepancy  between  calculated 1 i f e  

,and test   va lues  might   be  reduced  by  improv ing  the  ca lcu lat ion  o f   s t ress  re laxa-  
t i o n   d u r i n g   t h e   c y c l e  and  by  an  improved  relationship  between  creep l i f e  and 
s t ress .  Comparison of  t h e   c a l c u l a t e d .   r e l a x a t i o n  and s t r e s s - s t r a i n   r a t e   e f f e c t s  
shown in  f i g u r e  5 i n d i c a t e d   t h a t   t h e  amount o f   re laxa t   i on   i s   ove res t ima ted .  
Th is  i s  p a r t i a l l y   a t t r i b u t e d   t o   t h e  use o f   t h e  1 i n e a r   c r e e p   r a t e   r e l a t i o n  
obta ined  f rom  s tandard  engineer ing  creep  data  which  resul ts   in   an  underest ima-  
t i o n  of  t h e   c r e e p   r a t e   a t   l o w e r   s t r a i n s  and  an o v e r e s t i m a t e   a t   h i g h e r   s t r a i n s .  
As discussed  by Lubahn  and Fe lgar   ( re fe rence 15) t r u e   c r e e p   s t r a i n   r a t e   d i m i n -  
i s h e s   s t e a d i l y  w i t h  t ime  due t o   s t r a i n   h a r d e n i n g   i n   t h e   s t a n d a r d   c o n s t a n t   l o a d  
c reep   t es t .   S ince   Has te l l oy  X e x h i b i t e d   s t r a i n   h a r d e n i n g   a t   e l e v a t e d  tempera- 
tu res ,   s im i la r   behav io r   wou ld  be  expected. Creep s t r a i n  vs t ime  curves,  not  
ava i l ab le   f o r   Has te1   l oy  X or   I ncone l  625, a re   requ i red   t o   de te rm ine  a more 
a c c u r a t e   r e l a t i o n  between  creep  rate,  time,  and p l a s t i c   s t r a i n .   I n   a d d i t i o n ,  
t h e   s t a n d a r d   s t r e s s - r u p t u r e   t e s t   d a t a  i s  obta ined  f rom a cons tan t   load   tes t  so 
the  creep l i f e   i s   e v a l u a t e d  under an i nc reas ing   s t ress   l eve l .  The standard 
eng ineer ing   da ta ,   based   on   t he   i n i t i a l   s t ress ,   t he re fo re   p red ic t s   l ower   l i f e  
than  would  be  expected  under a cons tan t   s t ress   tes t .   S ince   s t ra in   (s t ress)  was 
c o n t r o l l e d   d u r i n g   t h e   f a t i g u e   t e s t s   t h e   c o n s t a n t   s t r e s s   d a t a   w o u l d  be more  rep- 
resentat  ive  for  these  est  imates.  Improvements 
sumably  improve t h e   l i f e   e s t i m a t e s   a l t h o u g h   c u r  
creep and f a t i g u e   u n d e r s t a n d i n g   a r e   n o t   s u f f   i c i  
est imates.  

F i g u r e   2 4 c   i l l u s t r a t e s   t h e   e f f e c t s   o f   c y c  
m a t e r i a l .  The l i m i t e d   t e s t   d a t a  does no t  show 

1 

in   the   mater ia l   da ta   wou ld   p re-  
rent   creep  theory and  combined 
en t   f o r   pe r fo rm ing   accu ra te  1 i f e  

i n g   r a t e  on  the l i f e   o f   t h e  
a d e f i n i t e   t r e n d   o v e r   t h e  ranqes 

o f   cyc le   t imes;  however, c a l c u l a t e d  1 i f e   c y c l e s   d i m i n i s h  as cycle  t ime  increases. 
Equat ion 18 p r e d i c t s  a l i n e a r   r e l a t i o n  between  creep damage and cyc le   t ime when 
s t r e s s   r e l a x a t i o n   e f f e c t s   a r e   n o t   c o n s i d e r e d .  When n o t   i c e a b l e   s t r e s s   r e l a x a t i o n  
occurs,  as was t h e  case f o r   t h e   c a l c u l a t i o n s   a t   t h e   l o n g e r   c y c l e   t i m e s ,   t h e  
damage due t o   t h e   i n c r e a s e d   t i m e   d u r a t i o n  i s  p a r t i a l l y  compensated f o r  by  the 
lower   average  s t ress  dur ing  the  cyc le .  
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HASTELLOY X TENSILE  TEST RESULTS 

a. 1540°F(I I IOOK) AS-RECEIVED SHEET AT FOUR CROSSHEAD SPEEDS 

~~ ~~ 

Crosshead rate, Y ie ld   s t rength,   Ul t imate  s t rength,  dimensions,  in.(cm) 
I n i t i a l  

in./rnin 
icm/s) ks i (MN/m2) ks i (MN/m2) Thickness Width 

0.2(0.01) 

30(210)  62   (430 )  20.0( .85)  

3 0 ( 2 1 0 )   5 7 ( 3 9 0 )  5 .0 ( .21 )  

31(210)   56 ( 390 3.0( .13)  

30 (210)  41 ( 2 8 0 )  O.OlO(0.025)  0.50(1.3) 

I I I I 

Elongation, 
percent 

47 

39 

36 

35 

7 Reduction i n  

44 I 
NOTE: (I) Gauge length  was 2 in. ( 5  cm) except  that  at  elevated  temperature  the gauge leng th   f o r  0.01- 

and 0.02-in. (0 .03 and 0 .05  an) sheet was about 2.5 in. (6 .4 cm). 

b. AS-RECEIVED SHEET, IO IN /MIN (0.42 cm/s) CROSSHEAD SPEED AT ELEVATED TEMPERATURES 

Temperature 
O F ( O K )  

Room 
temperature 

l340( 1000) 

I n i t i a l  
dimensions,  in.(cm) 

Width  Thickness 

Ul t imate  s t rength,  

ks i (MN/m2) 

Test I Average 

0.50(  I . 3  

0.042(0.107)  

0.023(0.058)  

O.OlO(0.025) 

104(720) 

104(720 

I I 1  ( 7 7 0 )  

~ 109(750)  
109(750) 

105(720)  

106(730) 

105(720)  

I15 (790)  

I16(800) 

109(750)  

104(720)  

I lO (760)  

105(720)  

I16 (800)  

T Yield Elongat ion,   Reduct ion  in 
ks i (MN/m2) percent I area,  percent 

Test I Average I Test 1 Average 1 Test 

5 4 ( 3 7 0 )  

49 (340)  

- 
52 

54 

52 

47 

46 

5 I (350)   46   49  

49(340)   49(340)   45  45  49 

48(330)   45 47 

51 (350)   50  43 

51(350)   51(350)   49  49  45 

51 ( 3 5 0 )  40 46 

51 ( 3 5 0 )  37 33 

5 1 ( 3 5 0 )   5 0 ( 3 4 0 )  41 39  35 

49(340) 40 35 

36(   250)  44 44 

36 (250)   36 (250)  44 44 41 

35(240)   45  43 

34 (230)  41 44 
" 

31(210) 31(210) 43  43 42  
31 (210) 43 38 

4verage 

53 

- 
47 

48 

45 

34 

43 

43 

41 

NOTE: (I) Gauge length  was 2 in .  ( 5  cm) except  that  at  elevated  temperature  the gauge l e n g t h   f o r  0.01- 
and 0.02-in. (0.0; and 0.05 cm) sheet was about 2.5 in.  (6 .4 cm). 
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TABLE I. Cont inued 

b. AS-RECEIVED  SHEET, IO IN/MIN (0.42 m/s) CROSSHEAD  SPEED  AT  ELEVATED  TEMPERATURES (Continued) 

~ ~~ 

ks i (MN/m2) ks i (MN/m2) 

Average 
. ". 

- . -. " - -. 
Test 

72(500)  

73 (500)  

72(500)  

78 (540)  

7 8 ( 5 4 0 )  

78 (540)  

61 ( 4 2 0 )  

62 (430)  

62 (430)  

61 ( 4 2 0 )  

60(410) 

-__- 

- " 

"" 

. ". . I. 60(4 I O )  

60(410) 

59(410)  

60(4 I O )  

61 (420 )  

60(410) 

61 ( 4 2 0 )  

591410) 

61 ( 4 2 0 )  

62 (430)  

-. 

___- 

Th i ckness 

0.023(0.058) 
___ "_ 

- 
0.010(0.025) 

72(500)   34(230)   33(230)  44 

32(220)  47 

33(  230)  35 

78(540)   33(230)   33(230)   36  

34(230)   34  

35(240)  35 

62(430)   35(240)   35(240)  38 
35(240)  37 

33 (220)  40 

60(410)  32(220)   32(220)   45 

32 (220)  48 
32(220)  44 

60(410) 28(190)   30(210)  46 

29(200)   45 

32 (220)  37 

60(410) 31(210)   32(220)  38 

32(220)  36 

30 (210)  36 

61(420)   30(210)   30(210)  37 

31 (210) 36 

" . - " 

" - 

45  39  39 

38 
32 

35  32  32 

32 

41 

37 45  43 

43 

57 

44 55  56 

56 

49 

45 51 50 

51 

48 
37 49  49 

I 0.050(1.3 

0. I l 3 (0 .287 )  

0.063(0.160) 

0.042(0.107) 

____- 
0.023(0.058) 

O.OlO(0.025) * 
39 

NOTE: ( I )  Gauge length  was 2 in. ( 5  cm) except  that   at   e levated  temperature  the gauge l e n g t h   f o r  0.01-and 
0.02- in.  (0 .03  and 0.05 cm) sheet was about 2 .5  in. (6.4 crn). 

C. AS-RECEIVED  SHEET  WITH 1925aF(1330aK) SOAK FOR 300 SECONDS 

T 
.. . - 

Ult imate  s t rength,  r Yie ld  s t rength,  
Elongation, Reduction i n  

IN/m2) 

Average 
~~ 

I I8(8ro: 

,N/m2) 
Average 

55 (380 

percent . 

Average Test Average Test 
area, percent 

35 

48 32 

45 35 

48 24 

48 47 37  36 

50 42. 

49 40 

39 30 

38 37 31 31 

38 31 

40 35 

41 41 35 35 

42 

ks i 

Test 

I I 8 (8 lO  

I18(810, 

I19(820 

85(590)  

84(580)  

82 (570)  

67 (460) 
66(460) 

66(460) 
66(460) 

66(460) 

67 (460) 

"" 

- ~~ 

ks i 

Test 

54(370)  

55 (380)  

56(390)  

36(250)  

36(250)  

35(240)  

34(230)  

34 ( 230)  

- ( 2 )  

34(230)  

34(230)  

34(230)  

" 

" 

I 

" 

- 

L 

"_I___ 

0. I13(0.287)  Room 0.50(1.3)  
temperature 

0. I13(0.287)  

___- - 
0.1 13(0.287) 

36 (250)  84 (580)  

66 (460 ) 34  (230 ) 

NOTES: ( I )  Gauge l e n g t h  2 in. ( 5  un) except  that   at   e levated  temperature  the gauge leng th   f o r  0 . 0 1 - 4  
0.02-in. (0 .03 and 0.05 cm) sheet was about 2.5 in. (6.4 cm). 

( 2 )  Extensometer g r i p s  moved dur ing   tes t .  
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TABLE I. Cont inued 

d.  COATED  WITH  PALNIRO I 
i " ~ 

Ult imate  strength,  

k s i  (HN/m2) 

Yie ld   s t rength ,  

k s  i (HN/m2) 
I n i t i a l  

dimensions, in.(-) 
Temperature, 

O F ( O K )  

~ 

~~ .. - Test 

24 

29 

29 

19 

27 

22 

28 

33 

24 

- 

. . .  

. .  
~ 

Test I  average^ 
123(eso)l 

Avera 
- . 

27 

~ 

23 

.. -~ 

Room 
temperature 

1340(1000) 

0.50(1.3) 0.01 I (0 .028)  

NOTE: ( I )  Gauge length  was 2 in .  ( 5  cm) except  that   at   e levated  temperature  the gauge l e n g t h   f o r  0.01-and 
0.02-in'. (0 .03 and 0.05 cm) sheet was about 2.5 in .  (6.4 cm). 

e. COATED  WITH  PALNIRO 7 

1 1 
~ 

I n i t i a l  U l t imate  s t rength,  Reduct ion   in  

37 
~ - 

IN/m2) . 

Average 

I23(850) 

75(520)  

60(410)  

dimensions,  in.(cm) 

Test  Thickness Width 

ks i 

0.50(  1.3) 0.01 I(O.028) 123(850) 
123(850) 

123(850) 

0.50( I .3) 75(520)  0.01 l(O.028) 

75(520)  

75(520)  

0.50( I .3) 0.01 I (0 .028)  62(430)  
61 ( 4 2 0 )  

56(390)  

ks i 

Test 

56(390)  

56(390)  

55 (380 ) 
31(210)  

30(210)  

31 ( 2 1 0 )  

30(210)  

30(210)  

27(  190) 

Temperature 
O F ( O K )  Average 

temperature 35 

31 

30 

i I 
NOTE: ( I )  Gauge length  was 2 in. ( 5  cm) except  that   at   e levated  temperature  the gauge l e n g t h   f o r  0.01-and 

0.02-in. (0.03 and 0.05 cm) sheet was about 2.5 in. (6.4 cm). 

f .  AS-RECEIVED WIRE, IO IN . /M IN  (0.42 m / s )  CROSSHEAD SPEED AT  ELEVATED  TEMPERATURES 

Ult imate  strength,  
Elongation, Reduction i n  

Temperature, I n i t i a l  diameter, ks i (MN/m2) area, percent percent 

O F ( O K )  Average Test in.(cm) Test Average Test Average 

Room 
temperature 47 44 I I2(770)  0.109(0.277) 

I l3 (780)  

54 39 I20(830)  0.063(0.160) 

49 45 I I2(770)  

45 39 44 44 I l2 (770)  

I19(820) 54 55 38 36 I19(820) 
I l8(8lO) 53 38 

0.041 (0.104)  49 32 120(830) 

I20(830) 
60 31 I I9(820) 

53 50 32 33 I20(830) 

~~ 

NOTE: ( I )  Gauge length  was 2 in. ( 5  an) except   that   a t   e levated  temperature  the gauge length   fo r  O.I-and 
0.02-in. (0.03 and 0.05 cm) sheet was about 2.5 in. (6.4 cm). 
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TABLE 1. Concluded 

f. AS-RECEIVED WIRE, IO IN./MIN (0.42 d s )  CROSSHEAD SPEED AT  ELEVATED  TEMPERATURES (Continued) 

Temperature, 
O F ( O K )  

RWll l  
temperature 

1340( 1000) 

I n i t i a l  diameter, 
i n . ( m )  

0.020(0.051) 

0.109(0.277) 

- 
0.063(0.160) 

0.041 (0.104) 

0.020(0.051) 

0.109(0.277) 

0.063(0.160) 

0.041  (0.104) 

Ult imate  strength,  

ks i (MN/m2) 
E longat  ion, 

percent 

Test I Average  Test I Average 

135(930) 21 

24 

24 

60 

42 
72(500) 

78(540) 

77(530)  78(540) i - 79(540) 37 
83(570) 35 

84(580) 82(570) 

23 

r- 

41 

38 

36 

92(630) 

60 54(370)  54(370) 

70 51 (350) 

23 91 (630) 

20 92(630) 22 

62 

43 
I 

”- 

57(390) 1 I 4 1  I 
56(390) 1 56(390) 

56(390) 

65(450) 

32 66(460) 

30 30 65(450) 65(450) 

27 

T Reduct i o n   i n  I 
area, 

Test 

40 

39 

40 

52 

53 
54 
58 

58 

59 
60 
59 

57 

33 

46 

54 

74 

73 
13 

” 

75 

77 
72 

73 

70 

73 
40 

42 

45 

percent 

Average 

40 

53 

58 

59 

- 
44 

73 

75 

72 

42 

NOTE: ( I )  Gauge length  was 2 In. (5 cm) except  that  at  elevated  temperature  the gauge leng th   f o r  0.01- 
and 0.02-In. (0.03 and 0.05 cm) sheet was about 2.5 in .  (6.4 cm). 
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TABLE 2 

INCONEL 625 SHEET TENSILE  TEST  RESULTS 

a.  AS-RECEIVE0 

r ~ 

Elongation, 
percent 1 

. .  
~ . .  

Reduct ion  in  
area,  percent 

I n i t i a l  
dimensions,  in.(cm) 

Ul t imate  strength,  

ks i (MN/m2) 

Yie ld   s t reng th  

k s i  (MN/m2) 
Temperature, 

O F ( O K )  

- 
Test 

~ 

43 

44 

44 

46 

47 

46 

49 

49 

49 

47 

47 

48 

47 

47 

49 

49 

45 

45 

51 

35 

41 

57 

53 

55 

51 

40 

51 

53 

57 

__ 

__ 

~ 

~~ 

~ 

." - 

~ 

- 

+ Width Th i ckness Test 4verage Test Averagc 9 1  Test  Average Averag 
~~- 

78  (540 

~ ~~ 

41 

44 

44 

50 

50 

50 

48 

48 

47 

47 

46 

47 

40 

40 

41 

50 

53 

41 

43 

33 

34 

73 

71 

77 

74 

68 

47 

50 

51 

" ___ 

~~~ __ 

~ 

." -. 

~~ 

." 

." 

- 

~ 

Room 
temperature 137(940)  

135(930)  

136(940)  

I28 (880)  

129(890)  

129(890)  

132(910)  

132(910) 

132(910) 

133(920)  

135(930) 

134(920) 

7 9 ( 5 4 0 )  

78 (540)  

78 (540)  

67 (460)  

68 (470)  

68 (470)  

70 (480)  

7 0 ( 4 8 0 )  

6 9 ( 4 8 0 i  

69 (480)  

69 (480)  

69 (480)  

64 (440)  

66 (460)  

64 (440)  

~ 

_o 
59(410)  

59 (410)  

38 (260)  

4 I (280 )  

40 (280)  
~ 

52(360)  

52 (360)  

51 ( 3 5 0 )  

51 ( 3 5 0 )  

53 (370)  

43 (300)  

43 (300)  

43 (300)  

-~ 

136(940)  44 

I 2 9 ( 8 9 0 )  68  (470 46 

132(910) 49 

134(920)  47 

-~ - 

48 

46 

1 0.50( I . 3 )  O.OOS(0.020) 134(920) 

135(930) 

135(930) 

103(710)  

105(720)  

107(740)  

92 (630)  

95 (650 )  

97 (670)  

7 9 ( 5 4 0 )  

7 9 ( 5 4 0 )  

77 (530)  

78 (5b0)  

SO(550) 

75 (520)  

74 (510)  

75 (520)  

135(930)  

"" " 

105(720)  

95(670)  

~" 

79(540)  

1340(1000) 

1540(1 I I O )  

.37(   .9)  

40(280 42 

." 

53 

54 

.35(  .9) 

.35(   .9)  

.37( .9) 

.37(  .9) 

52(360 

75(520)  43  (300 

I 

IOTES: ( I )  Gauge length was 2 in. ( 5  cm) except  that  at  elevated  temperature  the gauge l e n g t h   f o r  0.01- 
and 0.02-in. (0.03 and 0.05 cm) sheet was about 2.5 in. (6 .4 cm). 

(2) E x t e n s a n t e r   g r i p s  moved d u r i n g   t e s t .  
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TABLE 2. Cont i nued 

b. AS-RECEIVED WITH 1925°F(13300K) SOAK FOR 300 SECONDS 

T - - 1  
~~ 

I n i t i a l  J l t imate  strength,  

ks i (MN/m2) 
Yie ld   s t rens th .  Elongation, 

Dercent 
I n i t i a l  Reduction i n  

area, percent 

Test Average 

45 

48 

48 

47 

47 

67  66 

64 

67 

48 

48 48 

68 

67 

69 

ks i 

Test 

58(&00)  

59 (410)  

60 (410)  

41 ( 2 8 0 )  

40 (280)  

39(270)  

38  (260 ) 
- (2 )  

40(280) 
38  (260 ) 
39(270)  

39 (270)  
~ 

dimensions, in. 

Width 1 Thickness Test I Average iverage Average 

Room temperature /O . IO( l . 3 )  0.114(0.290) l26(860)  

127(870)  127(870) 

128(880) 

59(410)  49 

40 ( 280 55 

74 (510)  

77(530)   75(520 

75 (520)  

75 (520)  

75 (520)  

39(270)  59 56 

61 

NOTES: ( I )  Gauge length was 2 in. (5  crn) except  that   at   e levated  temperature  the gauge l e n g t h   f o r  0.01- 
and  0.02-In. (0.03 and 0.05 an) sheet was about 2.5 in. (6 .4 cm). 

( 2 )  Estensaneter  gr ips moved dur ing  test .  

c. COATED  WITH  PALNIRO I 

-~ ~ 

Ul t imate  strength,  

ks i (MN/m2) 

Test Average 
~~ 

I 25 (860)  

.. . .~  ~~ ~ 

64 (440 ) 

Y ie ld   s t rength ,  
Elongation, Reduction i n  

ks i (MN/m2) 

Test I Average TestlAverage  Test I Average 

area, percent percent 
I I n i t l a l  

Ternperature,I . d i E y / o n s ,  in'(cm) 
OF("K)  1 .  Width 1 Thickness 

~ ~~ 

I I I I I 

0.009(0.023)  59(410)  

26 28 35(240)  

25 27 26 27 35 (240)   35 (240)  

22 22 34(230)  

30 32 38 (260)  

28 25 31  27 38(260)  38(260)  

28 33 39 ( 2 7 0 )  

38 44 59 (410)  

37 34 43 40 59 (410)   59 (410)  

38 44 

1340(1000) 1 0 .5 (1 .3 )  
0.009(0.023) 

". 1"- ~~~~ 1 

0.009(0.023)  

NOTE: ( I )  Gauge length  was 2 In. (5 cm) except  that   at   e levated  temperature  the gauge length  for 0.01- 
and  0.02-In. (0.03 and 0.05 cm) sheet was about 2.5 in. (6 .4 cm). 
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TABLE 2. Concluded 

d. COATED WITH  PALNIRO 7 

I 
~~~ ~ 

I n 1   t i a l  1 U1 timate  strength, 

Room 0. 5 0 (  I .  3) 0.009( 0 .023)  I 29( 880)  
temperature I30(  900) I30( 900) 

I30( 900) 

I 340( 1000) 0.50(  I . 3 )  0.009( 0.023)  91 ( 6 3 0 )  

91 ( 6 3 0 )  91 ( 6 3 0 )  

92(  630) 

I 540( 1000) 0. SO( I . 3 )  0.009( 0.023) 70( 480) 

70( 480) 70( 480) 
70( 4 80) 

Yleld  strength, 

ks i ( MN/m2) 

~~ 

I 

44 44 40 40 
43 61 

41 33 

41 40 32 31 

39 29 

46 40 

56 49 41 40 
45 39 

~~~ - -~ . . 

NOTE: ( I )  Gauge length was 2  in. (5 cm) except  that  at  elevated  temperature  the gauge length for 0.01- 
and 0.02-in. (0.03 and 0.05 cm) sheet was about 2.5 in. (6 .4 cm). 
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TABLE 3 

C o n d i t i o n  

A s - r e c e i   v e d  
p l u s   P a l n i   r o  
I c o a t i   n g  - 

- 

A s - r e c e i v e d  
p l u s   P a l n i   r o  
7 c o a t i n g  

- 
- 
L 

T e s t  
t e m p e r a t u r e ,  

O F  ( O K )  

Room 
t e m p e r a t u r e  

I 3 4 0 (  1000) 

1540(  I I I O )  

Room 
t e m p e r a t u r e  

I 3 4 0 (  1000) 

1540(  I I IO) 

INCONEL X-750 SHEET 
TENS I LE TEST RESULTS 

E l o n g a t i o n ,   R e d u c t i o n  i n  
p e r c e n t  I a r e a ,   p e r c e n t  I 

NOTES: ( I )  F r a c t u r e   o c c u r r e d   o n   t h e   r e l o a d i n g   c y c l e   p r i o r   t o   r e a c h i n g   e n g i n e e r i n g   u l t i m a t e .  
( 2 )  I n i t i a l   s p e c i m e n   d i m e n s i o n s ;  0 . 5 0  i n .  ( 1 . 3  cm) w i d t h ,  0.011 i n .  (0 .028 cm) t h i c k n e s s .  
(3 )  Gauge l e n g t h  was 2 i n .   ( 5  cm) e x c e p t   t h a t   a t   e l e v a t e d   t e m p e r a t u r e   t h e   g a u g e   l e n g t h  f o r  

0 .01 -and   0 .02 - in .  (0.03 and 0 . 0 5  cm) shee t  was abou t   2 .5   i n .  (6.4 cm). 
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TABLE 4 

PARENT METAL FATIGUE RESULTS 

a.  HASTELLOY X - 
16-in. (41 cm) -r T 

9- in.   (23 cm) 

F- anbrel ' 4 mandrel 

Cycles 

Test Average 

I600 

I610  I580 

I260 

2060 

I 80 

138 162 

172 

I20 

119 123 

I30  

mi 
T t Test 

temperature, 
OF ( O K )  

1 es 
h/ho 

I .OI3 

1.013 

1.017 

1.017 

I .021 

I .021 

I .008 

I .OI3 

1.013 

" 

- 

es 

rveras 
- 

Fracture  

In.  (cm) 
depth, 

). 01 (0.03) 

C 

cond l   t ion  
Surface h/ho 

1.017 

I .017 

I .021 

1.021 

___ 

- 
0.996 

I . 000 

I. 000 

__ 
I . 004 
I . 000 
I . 000 
- 
I .017 

1.017 

I .  008 

- 
1.017 

I .017 

I .021 

I .021 

3.992 

.996 

.983 

3.983 

.983 

.983 

3.975 

.983 

.979 

- 

- 

- 

" 

__ 

h/ho Test 
"" 

65 

59 

74 

90 

Iveragt 
"- 

73 

Test 

228 

350 

390 

455 

276 

398 

77 

75 

77 

- " 

- 

- 
5 3  

60 
50 

54 

Room 
temperature 

1.017 

1.017 

1.017 

I .Ol7 

Pol ished 
e x t e r n a l l y  

Pol ished  In-  
terne 1 1 y and 
externa 1 1 y 

30 t o  60 
k in.  (0.8 t o  
I . 5  ylm) 
f i n i s h  

352 

- 

78  

30 

34 

25 

31 

21 

25 

25 

23 

- 

I 340( 1000) 

1540(1110) 

Room 
temperature 

l540( I I I O )  

1.017 

1.017 

I .Ol7 

I .017 

I .025 

I .025 

I .021 

I .021 

31 

24 

I .008 
I .008 

1.017 

I .Ol7 

56 

I .013 

I .Ol3 

1.013 

I .OI3 

96 

IO8 

97 

I O 8  

I05 1659 I890 

106(1) 

139'2) 

2975 2900 

379 378 

47 I ." 

- 
51 7 

508 

566 

).24( 0.61 ) Room 
temperature 

I 3 6  

I 34 

I31 

0.975 

.992 

.992 

I30  0.979 

.983 

.996 

0.975 

.983 

.983 

I540(  1000) 48 
79 

31 

47 0.983 

.983 

.983 

I28  

I47  

I32 

I540( I I I O )  43 

41 

50 -_ 

0.983 

.983 

.983 

IO8 

I20 

83 __ 

43 0.983 

.979 

.983 

NOTES: ( I) 0.017 Hz t es ts  
(2) 0.10 Hz t es ts  
(3)  Strain  ranges  are I i s ~ e d   i n   t a b l e  8. 
( 4 )  C y l t y  speclmen  (0.01-in.  (0.03 cm) f rac tu re   depth)  was brazed  at  195OoF (1340OK) f o r  300 s 

w l t h   P a l n l r o  7 (7@Au, 8 Pd, 22 Ni).  
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TABLE 4. Concluded 

b.  INCONEL 625 

. _" . " 

9-113. ( 2 3  cm) 16-11-1. ( 4 1  u n l  
mandrel mand re  1 

CYC I 

i .017  79 

1.017  75 

" "_ 

Fracture 

in. (cm) 
depth, 

___ 

c o n d i t i o n  
Surface 

Pol I shed 
e x t e r n a l l y  

-. . - -. -. - . -. 

=. . " . 

Pol 1 shed 
i n t e r n a l l y  
and 
e x t e r n a l l y  

30 t o  60 
b in .  (0.8 t c  
1.5 pm) 
f i n i s h  

" 

mandrel . 
Cycles 

Test Ave rag 

2 836 

2940  3160 

3070 

3250 

I81 

210 227 

228 

266 

I02 

125 120 

116 

I25  

3245 

3190 3500 

3586 

3457 

3309  3100 

3063 

3049 

446 

4 63 

475 

575 

335 264 

292 

370 

Test  
temperature, 

OF ( O K )  _" 
Room 
temperature 

h/ho 
C' 1 es 

Rverage h/ ho 

I .021 

609 I .021 

I .025 

I .025 

1.017 

80 i .013  

1.021 

I .021 

I .025 

I .025 

I .  008 

I .008 

I .  025 

I .025 

I .021 

I .021 

427  0.996 

.996 

.992 

155  0.983 

.983 

.979 

125  0.896 

.896 

.892 

Test 

.01(0.03) 

.___ 

.24( 0.61 ) 

___~ 

1.017 

I .Ol7 

1.017 

I .Ol7 

I 3 0  

I 00 

85 

I I O  

I340( 1000) 1.021 

I .021 

1.021 

I .021 

21 

22 

23 

23 

1540(1110) 

" 

Room 
temperature 

- 
Room 
temperature 

19 

21 

14 

12 
"" 

I .021 

I .021 

1.017 

I .017 

0. 9.96 

I . 000 

I .021 

I23 

I15  

I03 

.958 463 

.996 490 

.979 161 

.983 170 

.975 140 

.983 120 "_ . .~ 

I360( 1000) 0.983 

.983 

.979 

53 

60 

70  

0.979 

.983 

.983 - ~- .- 

66 

61 

46 - 

l540( I I IO)  

St ra in  ranges a r e   l i s t e d   i n   t a b l e  8. 
Cavi ty speclmen (0.01-in. (0.03 cm) f rac tu re   depth)  was brazed  at  1950°F(13400K) f o r  300 s 
w i t h   P a l n l r o  7 (70 Au, 8 Pd, 22 Ni). 
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TABLE 5 

SUMMARY OF RELATIONS FOR  COMPUTING FATIGUE LIFE 

Reference 
I n v e s t i g a t o r   ( s e e   t e x t )  

C o f f i n  6 

Manson F 
3 

~ 

Mart in  8 

Mor row 9 

UOTE: c f  = I n  [ 100/(100-RA)] 

C 

0 . 5  cf 

0 . 7 5  
=f 

0.8 e+- 
0 .75  

0.6 
Gf 

0 . 7  Cf  

1.3 E f 

C 

2.0 

1.7 

2.0 

I . 7  

2.0 
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TABLE 6 

PLATE-FIN  FATIGUE RESULTS 
a. HASTELLOY X 

I r Braze 
a1 l o v  

T 32- in .  (81 an) 
mandrel 

r/ho 
I I +- t C 1 es 

I/ho 
l es  

4veragt 

51 7 

248 

Cycles 
res t  Average  h/ho 

I I  10 0.996 

I I  .996 

IO  .992 

7  .992 

.992 

.992 

I . 000 
I . 000 
I . 000 
I . 000 

,992 

.992 

I . 000 

I . 000 
I . 000 
I . 000 
I . 000 
I . 000 

.992 

.992 

.996 

.996 

.992 

.992 

0.996 

I . 004 
I. 000 
I . 000 

.992 

.992 

7  7 1.000 
I . 000 
I .004 
I . 000 
I . 000 
I .004 
I .004 

C I- C 
Test Averaqe Test 

I .Ooo 
I .ow 
.996 

.996 

207 

216 

233 

275 

230 43  45  0.996 

54 .996 

41 .996 

56  .996 

44 

40 

24 20 0.992 

22 .992 

15 I . 000 

18 I . 000 
14 I .008 
20 .996 

25  .996 

24 

' a l n l r o  I 

' a l n i r o  I 

" 

' a l n l r o  7 

41 

55 

41 

56 

48 

93 

94 

57 L. 996 

.996 

.988 

.988 

440 

539 

504 

647 

~ 340( 1000) 

l540( I I I O )  

l540( I I IO), 
!OO s ho ld  
tlme 

". 

16  15  0.988 

17 .988 

12 .996 

28 .996 

I O  I .004 
I O  I .004 

16  .996 

19 .996 

14 

14 

I O  I I  I . 000 
I O  I . 000 
14 I. 000 

63 

64 

38 

43 

48 

49 

50 

56 

47 I. 992 

.992 

.979 

- 
I. 988 

.988 

.988 

.988 

233 

240 

294 

34 

30 

34 

36 

I13 

I 04 

91 

93 

33 

I76 

55 

98 

219 

17 I . 000 

8 

7 

25  26 I .OOO 
27 I . 000 

22 16 0.996 

16 I .om 
16 I . 000 

13 

14 

~~ 

- 

temperature 
I . 000 I75 

I77 

61 

51 

53 

- - 
I. 988 

.988 

.988 

.988 

- 

- 
240 

225 

21 I 
224 

l%O( I I IO) 

MOTES: ( I )  St ra in  ranges a re   g l ven   i n   t ab le  8. 
( 2 )  P a l n l r o  I ( 5 0  Au,.25 Pd, 25 N i )  was brazed  at  207OoF (1410OK) and Pa ln i ro  7 (70 Au, 8 Pd, 22 N i )  

was brazed  at  1950OF (1340°K), time at  braze  temperature was 1200 s. 
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TABLE 6. Concluded 

b.  INCONEL 625 

T 7 
~ 

32-in. (81 u n l  5-in. ( 1 3  an) 
mandrel 

9-in. ( 2 3  un) 
mandrel 

16-in. (41 cm) 
mandrel mandrel - 

h/ ho 

-t i T T T :1 es 
h/ho - C 

rest  

:les 
h/ho 

. les 

Avera! 
- 

h/ ho 
C - 

Tes 

87 

I13  

I46  

I51 

93 

I 2 2  

34 

39 

36 

22 

36 

46 

42 

44 

18 

18 

2 8  

2 2  

I 59 

I76  

43 

49 

- 

~ 

~ 

- 

- 

~- 

- 
Tes 
- 

~ 

656 

779 

74 I 

76  7 

~ ~- 
175 

I 80 

I 69 

197 

-~ ~ 

!21 

I 82 

202 

178 

I 86 

1 es 

Averag 

713 

- ~~ .. 

I 80 

Braze Tem erature:  
a1 l o y  gF (OK) Test Average Average 

I . 000 

I . 000 

.996 

.996 

8 I .ooo 
I . 000 

1 . 000 

I . 000 
I .004 

I .004 

31 

31 

25 

27 

29 

31 

29 I . 000 

I . 000 

I .004 
I .004 

.992 

.992 

116 Pa ln i ro  I R o a n  
temperature 

I 340( 1000) I . 000 
I . 000 
I . 000 
I . 000 

- 
I .021 

I .021 

I . 000 
I . 000 

- 
I . 000 

I . 000 

8 

I O  

9 

0 

9 0.996 

.996 

I . 000 

I . 000 

I . 000 

I . 000 
I .004 

I .004 

I . 000 
I . 000 
.992 

.992 

I .004 
I .004 

~. 

- 

35 

.~ ~ 

27 

0.98E 

.98€ 

.98? 

.983 

~~ ~ 
~ 

I . 000 
I . 000 
I . 000 

I . 000 

" . ~ 

- 

- 
12 

14 

- 

- 
I .O l3 

1.013 - 

I O  

I 1  

I 3  

14 

~ 

46 

50 

12 

48 
~ 

13 169 

~. 

193 

"~ 

I .004 

I .004 

__ 

17 

18 

__ 

I .  008 

I .008 

- 

47 I . 000 
I. 000 

I . 000 

.996 

.996 
~ -~~ 

17 

- L C.  

FINS ORIENTED 90 DEGREES (INCONEL X-750 SHEETS,  INCONEL 625 FINS) 

In. 9- in.  ( 2 3  cm) 16-i 
mandrel 

Braze 
h/ho Average Test h'ho O F  (OK) a1 l o y  

Temperature, 

P a l n i r o  7 Room 1.000 

.996 

I .004 

1.004 161 160 

.996 

1540( I I I O )  I .008 2 2 I .004 

I .008 3 I .004 

Cycles 

temperature I 63 I .  ooo 

mandrel 

Cycles 

NOTES: (I) St ra in   ranges   a re   g iven   in   tab le  8. 
(2)  P a l n i r o  I ( 5 0  Au, 25 Pd, 25 N i )  was brazed  a t  207OoF (14IO0K) and Pa ln i ro  7 (70 A ~ ,  8 Pd, 

22 N i )  was brazed  a t  1950OF (1340°K), t ime  at   braze  temperature was 1200 s. 
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TABLE 7 

TYPICAL  REDUCTION I N  AREA  MEASUREMENTS 
( A s - R e c e i v e d  Haste1  loy X Sheet at 1540°F ( I  I IOOK)) 

a. U. 5. CUSTOMRY  UNITS 

T 
i I Final  thickness,  in. 

Thicknesses 0.01 t o  0.02 in .  from both 
sides o f  the   f racture   a t  f ive   points  

width, 
F inal  

in .  

Reduction 
i n  area, 
percent 

across  the w i  
thickness, 

In1 t i a l  

1 n. 

0. I13 

0.063 

:h . 
3 

0.081 2 
.0872 

0.0822 
.0842 

0.0829 
.0852 

0.0377 
.0378 

0.0404 
.041 4 

0.0396 
.0382 

0.0280 
.0268 

0.0284 
. 0 2  80 

0.0280 
.0267 

0.01 52 
.0144 

0.01 61 
.0154 

0.01 63 
.0158 

0.0074 
.0076 

0.0079 
.0078 

0.0078 
.0080 

7 1  Average 

.0865 

.0409 

.0290 

0.01 55 0.01 59 
.0160 

0.0161  0.0159 
.0160 

0.01 62 0.01 60 
.0158 

0.0072  0.0073 
.0070 

0.0078  0.0079 
.0082 

0.0077  0.0079 
.0076 

i 4 

0.0833 
.0858 

0.0824 
.0824 

0.0854 
.0854 

0.0394 
.037 I 

0.041 3 
.0414 

0.0398 
.0388 

0 .0284 
.029 I 

0.0290 
.0274 

0.0280 
.02 83 

0.0166 
.0144 

0.01 63 
.0148 

0.01 51 
.0155 

0.0076 
.007 I 

0.0077 
.W82 

0.0080 
.0082 

T 0.335 41 

0.322 45 0.0270 0.0481 

0.0325  0.0566 

0.0137  0.0316 

0.0144 0.0316 

0.01 38  0.031  6 

0.0107 0.0211 

0.0104 0.021 I 

0.0101 0.0208 

0.0060 0.01 15 

0.0059 0.01 I 5  

43 0.381 

0.347 57 

0.354 55 

0.0382 0.0397 
.04 I 9  .Ob00 

0.349 56 

0.0319 0.0299 
.0296 .0293 

0.367 49 

0.0287 0.0290 
.0297 .0279 

0.361 51 

0.0272 0.0271 
.0278 .0284 

0.360 51 

I 

0.01 61 0.01 66 
.0171 .0169 

0.379 48 

I 

0.0160 0.0163 
.0164 .0160 

0.369 49 

0.371 t 0.0059 0.01 I 5  

0.0029  0.0051 

0.0032 0.0051 

0.0031  0.0051 

49 0.023 

0.010 

0.399 43 

0.403 37 

0.397 0.0082 1 0.0077 .0078 .0077 
39 

I I 
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TABLE 7. Concluded 

b. SI WITS 

I 

Final  thickness, crn 1 
" 

Thicknesses 0.03 to 0.05 un from  both 
sides o f   t h e   f r a c t u r e   a t   f i v e   p o i n t s  
across  the  width 

thickness, 
crn 

Average 
f i n a l  Final 

width, 
crn  crn 

2 
1 ~ ~ ~ ~ : 1  

Reductior 
i n  area, 

crn percent Average 
I 

0.968 1 0.0826 

. ~ 

0. I 2 4 2  

0. I222 

0. I 438 

0.0803 

0.0803 

0.0292 

0.218 

- 
0.213 

0.287 0.2 I 9  
.231 

0.287  0.213 
.216 

0.287  0.219 
.222 

0. I60  0. I 0 6  . IO8 
0. I 6 0  0. I I O  

. I 0 5  

0. I60  0.097 . I 0 6  

0.214 0.206 0.212 
.224 . 2 2 1  .218 

0.211 0.209 0.209 
.214 .214  .209 

0.211 0.211 0.217 
.217 .216 .217 

0.100 0.096 0.100 
.098 .096 .094 

0.100 0.103 0.105 
.099 . 105 . 105 

0.101 0.101 0.101 . 102 .097 .099 

0.220 
.220 

0.218 
.216 

0.219 
. 2 1 8  

0. IO4 . IO4 

0. IO8 . I05  

0.099 . IO4 

- 

. . .. 

- 

0.217 

0.101 

.. - .. 

0. I03  

0.101 

1 0.109 

.074 1 A:: 0.072 0.076 

0.074 0.078 

0.071 0.071 
.072  .074 

.070 

0.074 0.932 1 0.02.72 

0.914 1 0.0257 

0.07 I 
.068 

0.072 
.071 

0.07 I 
.068 t- 0. I09 

0. I09  

0.073 

0.071 

: 
0.040 3.963 I 0.0152 0.058 0 041 0 042 0 039 0 042 0.039 I :043 I :043 I :037 I 1037 I .041 

0.040 3.937 0.01 50 I 0.0292 

0.0292 

I 

0.041 3.942 I 0.0150 0.058 0.041 0.042 0.041 0.038 0.041 
.040 .039 .040 

0.019 0.0130 

0.01 30 0.020 

0.020 0.0130 I 39 
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TABLE 8 

PLASTIC  STRAIN RANGES 

a. 1925'F (1330'K) CYCLE, 0.11-IN. (0.28 cm)  SHEET(CAV1TY PARENT METAL SPECIMENS) 

App l ied  

:':;l:zl 
( I  I I P K )  (IOOO'K) (300 'K)  ( I  I IO'K)  (IOOO'K)  (300'K) cm in. 

s t ra in ,  
t rue  engl   neer i   ng 

5   I 3  4.69 4.58 3.81 

.97 .87 .85  .99 .90 .87 I .48 I .49 41 16 

2.02 I .90  1.89 2.05 I .95 1.91 2.60 2.63  23  9 

3.94  3.80  3.79  3.97  3.85 

T r u e   p l a s t i c   s t r a i n  range, percent 

Has te l loy  X Inconel  625 t o t a l  To t a  1 

c; ,  percent  e l ,  percent  
strain I 540'F  1340'F 80'F I 540'F  1340'F 80'F 

b. AS-RECEIVED, 0. I I- IN. (0 .28  cm) SHEET ( S O L I D  PARENT  METAL SPECIMENS)  
P 

T r u e   e q u i v a l e n t   p l a s t i c   s t r a i n  range, percent 

Hastel loy X Inconel  625 
Appl ied  ! 

t o t a l  

e l ,  percent E ; ,  percent 
component s t ra in ,  

To ta l   t r ue  

~ f ~ ~ : ~ l  

4.48 4.30 4.27 4.60 4.51  4.43  4.58 4.69  13  5 

( I  I IO'K)  (IOOO'K) (300'K) ( I  I IO'K) (IOOO'K) (300  K J  cm in. 

s t r a i n  engineer ing 

9 23 2.63 2.60 

I .07 .93  .92 I. 16 I .09 I .03 I .48 I .49 61 16 

2.28 2 . 1 2  2 .  IO 2.38 2.31 2.23 

8O0FO , 1540'F  1340'F 80'F 1540'F  1340'F 

Mandre 1 
rad ius 

Appl i ed 
t o t a l  

engineer ing 
s t ra in ,  

E ; ,  percent 

4.69 

2.63 

I .49 

.75 

C .  PALNIRO I COATING, 0.01-IN. ( 0 . 0 3  cm) SHEET 

Tota l  
t r u e  

s t r a i n  

T r u e   e q u i v a l e n t   p l a s t i c   s t r a i n  range, percent 

Has te l loy  X Inconel  625 

percent 
component, 

( 300'K) ( I000'K) 
I 340'F 

4.44 

2.24 

I .04 

.31 

3 ( I  I I O ' K )  (300 'K)  i 
d. PALNIRO 7 COATING, 0.01-IN. ( 0 . 0 3  cm) SHEET 

Appl i ed Total 
t r u e  

s t r a i n  engineering ~ ~ ~ ~ : ~ 1  

t o t a l  

T r u e   e q u i v a l e n t   p l a s t i c   s t r a i n  range, percent 

I cm in. (300 'K)   ( I I IO 'K)   (300 'K)  (IIIO'K) (300'K) € 1 ,  percent " )  percent 

Has te l loy  X Inconel  X-750 Inconel  625 

s t ra in ,  component 80'F 80'F ! 540'F 80'F I 540'F 

5 

. I 6  .38 .24 .41 .25 .74 .75 81 32 

.80 1.14 .94 1.17 .95 I .48 I .49 41 16 

I .  96  2.36 2.13 2.39 2 .  14 2.60  2.63 23 9 

4.12  4.57 4.31  4.61  4.32 4.58  4.69 13 
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TABLE 9 

MATERIAL  PROPERTIES 
a.  TENSILE STRENGlH 

Specimen 

0.01 in. 
Parent  metal 

(0 .03 cm) 
f r a c t u r e  
depth 

0.24 in. 
Parent  metal 

( 0 . 6 1  cm) 

depth 
f r a c t u r e  

P a i n i r o  I 
P la te   f i n ,  

P la te - f  in, 
P a l n i r o  7 

M a t e r i a l  
c o n d i t i o n  7 

1925OF (1330'K 
cycle, 0.11 i n  
(0.28 cm) shee 

- 
As 
0. 
cm 

1 1  in. (0.28 
) sheet 

received, 

P a l n i r o  I 
coating, 0.01 

sheet 
in. (0 .03  cm) 

P a l n i r o  7 
coating, 0.01 
in .  (0 .03  cm) 
sheet 

M a t e r i a l  

Has te l loy  X 

Temperature 
OF ( O K )  

8 0 ( 3 0 0 )  

1340( 1000) 

1540( I I IO) 

Inconel  625 

Haste l loy  X 

Inconel  625 

Hastel loy X 

Inconel  625 

Haste l loy  X 

Inconel  625 

Inconel  X-750 

8 0 ( 3 0 0 )  

1340( 1000) 

1540( I I IO) 

8 0 ( 3 0 0 )  

1340( 1000) 

1540( I I I O )  

80(300)  

1340( 1000) 

1540( I I I O )  

80 ( 3 0 0 )  

1340( 1000) 

1540( I I I O )  - 
80(300)  

I340( 1000) 

1540( I I I O )  

8 0 ( 3 0 0 )  

1540( I I I O )  

8 0 ( 3 0 0 )  

1540( I I I O )  

8 0 ( 3 0 0 )  

~ 

UI t imate 

I18(810)  

8 4 ( 5 8 0 )  

6 6 ( 4 6 0 )  

127(870)  

9 7 ( 6 7 0 )  

75 (520)  

109(750)  

7 3 ( 5 0 0 )  

62 (430 ) 
136(940)  

105(720)  

79 (540)  

_i_. 

122(840) 

30(550)  

59(4 I O )  

124(850)  

33(570) 

56 ( 4 6 0 )  

123(850) 

50(4 I O )  

130(900)  

70(480) 

164(  1130, 

" 

r . . . ~ ~  . 

Measured t e n s i l e  

0. 16 s t r a i n  hard. 
Yield for as5ume, 

- ~ ." ~~~ 

s trength, 

ks i (MN/m2) en ing exponent, 

Y i e l d  ks i (MN/m2 ) 
" 

" 

" 

" 

" 

M a t e r i a l  
Poisson' s 

r a t i o   ( e l a s t i c )  

Has te l1oy .X  

Inconel  625 

Inconel  X-750 

b.  ELASTIC MODULUS 

5 5 ( 3 8 0 )  

36 (250)  

6 9 ( 4 8 0 )  

38 ( 2 6 0 )  3 4 ( 2 3 0 )  

4 9 ( 3 4 0 )  

59 (410)  7 4 ( 5 1 0 )  

40 (280)  57 (390)  

3 9 ( 2 7 0 )   4 4 ( 3 0 0 )  

54 (370)  

34 (230)   47 (320)  

58 ( 4 0 0 )  7 I ( 4 9 0 )  

46 (320)  5 2 ( 3 6 0 )  

6 I(420) 59(4  I O )  
79(540) ,  78  (540 ) 
3 6 ( 2 5 0 )  ". 35(240)  __ . 

4 3 ( 3 0 0 )   3 6 ( 2 5 0 )  

64 (440 ) 

" " 

- .. - " - " 

38 ( 2 6 0 )   4 8 ( 3 3 0 )  

35 (240)  

"I 38(260)  4 I (280)  

102(700) 9 6 ( 6 6 0 )  

~~~~ " . . 

E l a s t i c  modulus, 103ksi ( IO3  MN/m2) 

8o°F  (300'K) 

28.6(   197)   21.5(148)  

134OoF (IOOOOK) 154OoF ( I  I IOOK) 

29 .8 (205)  I 1 3 . 5 ( 1 6 2 )  -1 ~ : 2 .   l ( l 5 2  1 20.3(140)-  

31 .0 (214)  

"~ " . .  

c. HASTELLOY X CREEP PROPERTIES 

Temperature, A (ksl  )'-,e, F, (ks i )-'-set- I 
OF (OK) 

L [(MN/m2)-'-S-I [;MN/m2)'- s, .c 

1340(1000) 7.45 

2.28 x I O - ' &  (8.09 x 3.34 x 10" (9.42 x IO") 6.50 1540(l I IO)  

6.66 x ( I .  I 3  x I O - " )  1.29 x I O i 4  (7.57 x I O i 9 )  6 .88  1440(1060) 

8.22 x (4.67 x 1.32 x l 0 l 6   (2 .32  x IOz2) 

I 
"" 

~~~ 

Reduct i o  
i n  area, 
percent 

41 

38 

48 

- 

" 

47 

48 

67 

53 

43 

43 

43 

48 

73 

33 

24 

29 

37 

28 

25 

35 

35 

40 

40 

32 

__- 
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I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
L-"I 
I ! !  

I n s u l a t i o n  I I  

I 

I I I l i  I I  

support 

( t y p i c a l )  

Support 

vr, 
-a. x Cool ing  water 

Actuator Load c e l l  
locat   ion 

t a b l e  

a.  Specimen loading aqd  support 

F igure  I .  Fat  ique  Test.  Apparatus 
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b .  Test faci  I i t y  

c. Specimen placement in   test   r ig  

F i g u r e  I .  Concluded 
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r Spotwel d 
( t y p i c a l )  

0.38 i n .  (0.96 cm) 
d iameter 

'0.50 i n .  L o.50 
( 1 . 3  cm) 
rad i us 
( t y p i c a l )  

i n .  ( 1 . 2 7  cm) width 

Th i ckness 

I 1 f I I I t I 
I I , I  
I 1 J I I 1 t 

Spot  welded  tabs 
on samples o f  
thickness  less  than 
0.06 in.  (0. 15 cm) 

Figure 2. Sheet  Tensile  Test Specimen 
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0.4 in .  
( I  .O cm) 

1- in .  
der 

(0. I cm) brazed 
sheet 

0.06- in.  ( 0 . 1 5  cm) diameter 
pressurizing  tubes 

0.035-in. (0.09 cm) 
f l a t  sect ion 

0. I- in .  
s he.e t 

(0.3 cm 

/ 

0.010 in .  ( 

. I  i n .  (0.3 

Sect  ion A-A 

a. Cav i ty  Specimen(Brazed a t  1925'F 
( 1330'K) for  300 s) 

0.025 

cm ) 

Figure  3. Parent  Metal  Fatigue Specimen 
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0.24 in.  
(0.61 cm) 

b. Solid  Rectangular 

0.010- in.  ( 

Weld l i n e  ( 

0.025 cm) s h e e t   ( t y p i c a l )  

c. S o l  i d  Rectangular w i  th  Sheet I n s e r t s  

0.010- in. (0.0'25 cm) 
thickness  overhang 
( t y p i c a l )  

d. Sol id  Rectangular   with Overhangs 

F igure  3. Concluded 
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0.06-  in. (0.15 cm) 
P l a t e - f i n   l o c a t i o n   o u t l i n e  
(both  sides) 

diameter   pressuriz ing 

0.06-in. (0.15 cm) 
L""" dr  i 1 led  hole 

faceshee.ts 

Facesheet 

0.06-in. (0. 15 cm), 
thickness  divider 
between f i n  
sect  ions 

Plate- f in   geometry(standard  or ientat ' tod 

F igure  4. Plate-F in   Fat igue Specimen 
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. . . . .. . . . 

70( 480) 

60( 41 0) 

50( 340) 

v .- 40( 280) 
VI 
Y 

VI 
30(210) 

c 
L 
aJ aJ .- 
C 
m 

W 

20( 140) 

I O (  69) 

/ 
-1 

I~ "' 
Stra in   ra tes   (crosshead  ra tes)  

0. I percent/sec  (0.2  in./min) 

- - - - - 2.0  percent/sec ( 3  i n./mi  n) 

-- - 3.3 percent/sec ( 5  in./rnin) 

- -_ - 6.7 percent/sec ( IO i n./min) 

--"- 13.3 percent/sec  (20  in. /min) 

- - 

0 IO 20 30 40 50 

Engineering  strain,   percent 

F igure  5 .  H a s t e l l o y  X Stress-Stra in  Curves vs S t ra in   Rate  
f o r  0.01 i n .  (0.03 cm) Sheet a t  1540°F(I I IO'K) 

49 



b. 

First load application 

Deflection 

Translation  due  to  clearance 
between  specimen  and  mandrels 

a. Cycle  Schematic 

Typical  Hastelloy X Plate-Fin 
Specimen  Tested  on a 16-in. 
(41 cm)  Mandrel at  134OoF 
( 1000°K) 

Deflection, in. (cm) 

Figure 6. Specimen Load-Def lec t ion  Cycle 
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I Reduction i n  area,   percent  
Mperature  

. o a n  
emperature 

Condl t l o n  1. in.  (cm) 

.02(  .05) 

. I I (  .28) 
I I I I 

c y c l e  I I 1925°F(13300K) 0. I l(O.28) 

1 -  I I I I I 

I Paln lro  I 
coat 1 ng 

1 
coat  I ng 
Pa ln lro  7 O.Ol(0.03) 

" _  """"- 

( I00O0K) I As-received ~ O . O l ( O . 0 3 ) ~ ~ ~  .02( .05) 

13400F 

.04( . IO) 

. l l (  .28) 

.06( . IS )  

L I I I I 

1925°F(13300K)  O.ll(O.28) I 
Palnlro I O .Ol (O .03 )  I I 1  I 
coat  1 ng 

Pa ln lro  7 O.Ol(0.03) I I 1  
c o a t i n g  

" 

I I I 

"_ ""- - --- 
I 54OoF 

( I  I IOOK) 
As-recelved 

I I925OF( 1330°K 
cycl  e 

Pa1n.lro I 

coa t  I nq 
Pa ln lro  7 

3 

"_ 

3 

a .  Duct i I i t y  

Figure 7. Hastelloy X Sheet  Tensile  Properties 

1 

"- 
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Stress, ksi (HN/m ) 2 

Thickness, 20 40 60 
In.  (cm) (140) ( 2 8 0 )  ( 4 1 0 )  ( 

~. ." - 
Tenperature 

Room 
temperature 

I 34OoF 
( I000'K) 

> 
I 540'F 

( I  I 1O0K) 

As-recelved 

~~ 

I 925'F( I 330'K) 
cyc 1 e 

0. I i 

Palni ro  I 
coat I ng 

Paln i ro  7 
coating 

Reference  3 
data 

I 
"_ 

As-received 
sheet 

I 925OF( I 330' K)  
cvcl e 

0. I I ( 0 . 2 8 ) V Z  3 

Palni ro  I 
coat 1 ng 

I I 
I 

I I I 
I 

I 1 Palnl ro  7 
coat I ng 

Reference  3 
data 

I I I 
0. I l ( 0 . 2 8 ) p m ]  

As- recel ved 

~ 

I925'F( 1330°K) 
cycle 

Paln l ro  I 
coat I ng 

Paln l ro  7 
coat I ng 

Reference  3 
do t a  

b. Tensile  Strength 

Figure 7. Concluded 
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I lcnperature  I Condition 
Reduction in  area,  percent 

I O  20 30 00 50 60 70 80 

As-received 
tanperaturo 

I 925' F( I 350- 
-,--- I I I 
Pa ln l ro  I 1 
w a t l n g  _ _  I I I 
Palnl ro  7 O.Ol(0.03) I I I 
coat I ng """_" """ 

cycle  

Paln l ro  I 
c w t l n g  

Paln l ro  7 
coat I ng 

1540'F As-received 
( I  I IO'K) 

I 925' F( I 330' K) 
cycle  

Pa ln l ro  I 

I 
I 

I 

O.Ol(0.03) t - " - t - - f i l  
"" """ "_ "_ 

1 
~- ~"~ ~~ 

- 

~ 

0.  I I(0.28) 

0.01(0.03) 1 
~ 

coatlng 

Paln l ro  7 
coat  Ing 

0.01(0.03) 
- 

a. Duct i 1  i t y  

" _  
I 

Figure 8. Inconel 625 Sheet  Tensile  Properties 
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Stress, k s i  (MN/rn2) 

1 I 1 Thickness. I 20 40 60 80 IO0 I20  I40 
Tsnperature 

Tenperature 
ROOM 

(830) ( - 
- 

"" 

3 

"" 

9?( 

b. Tensile  Strength 

Figure 8. Concluded 
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I40( 970) 

I20( 830) 

2 lOO(690) 
N 

r 
u 

e- 80( 5 5 0 )  
in 
Y 

in - 60(410)  
in 

&I 40( 280) 
2 

20( 140) 

v) 

0 

S t r a i n ,   p e r c e n t  
( e x t e n s o m e t e r )  

(5 = I I5 k s i  (790 MN/m2)- 
- = ~ , ~  - 

L o a d i n g   c u r v e  

- --- " E l a s t i c   l i n e  

--- 0.2 p e r c e n t   o f f s e t  

- -__- U n l o a d i n g   c u r v e   f o r  
e x t e n s o m e t e r   r e m o v a l  

S t r a i n ,   p e r c e n t  
( c r o s s h e a d )  

a. Room Tempera ture  

N 

S t r a i n ,   p e r c e n t  S t r a i n ,   p e r c e n t  
( e x t e n s o m e t e r  ( c r o s s h e a d )  

b. I 340' F( IOOO' K )  

N i  80( 

L 
Y 

S t r a i n ,   p e r c e n t  S t r a i n ,   p e r c e n t  
( e x t e n s o m e t e r )  ( c r o s s h e a d )  

c .  I54O0F( I I IOOK) 

F i g u r e  9. Tyo ica l  Hastellov X Engineer ing  Stress-Strain  Curves 
( A s  received, 0.Ol-in. (0.03 cm) Sneei) 
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0.2 p e r c e n t   o f f s e t  

- _ _ -  Unloading  curve  for  
extensometer  removal 
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Strain,   percent  Strain,   percent  
(extensometer) (crosshead) 

a .  Room Temperature 
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N 
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\ 
E 
z x 

00 

80 

~ ~ 

I I I I I 
7 

= 41 ksi ( 2 8 0  MN/m2) 

S t  ra i n, percent 
(extensometer) 

S t  ra i n, percent 
(crosshead) 

b. 134OoF (IOOO'K) 
80 -0 = 43 ksi (300 MN/m 2 ) 5 

\ 
E Y 
3 60 I / 
u 

I 

.- 
2 40 L y, 
v) Lou = 74 ks i  (510  MN/m 2 ) - 
3 20 
L 

v) 
c, 

0 
IO 20 30 40 50 

S t  ra  in,  percent Strain,   percent 
(extensometer) (crosshead) 

c. 154OoF ( I  I IOOK) 

Figure 10. Typical Inconel 625 Engineering  Stress-Strain  Curves 
( A s  received, 0,008-in. (0.020 cm) Sheet) 
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a t  Three  Temperatures 
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F i g u r e  12. P a r e n t   M e t a l   F a t i g u e  Summary 
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I O 0  

Test   curve  for   Haste l loy X data 

-. - Manson, re ference 7 
--- - Coffin, reference 6 
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t o  T h e o r e t i c a l   P r e d i c t i o n s  
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-+- Inconel  625 tes t   da ta  (47 percent  RA) 
_.._ M a r t i n   r e l a t i o n   f o r  41 percent  RA 
- -- M a r t i n   r e l a t i o n   f o r  47 percent RA 

minimum and maximum test   va lues,  h = 0.24 in. (0.61 cm) 
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Figure 15. Comparison of Room Temperature  Test  Data to   Mar t in   Pred ic t ions  
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a.  C a v i t y  Specimen 

b .  Sol > d  Specimen A f t e r  F L I I  Break 

F i g u r e  16. Typ ica l   Pa ren t   Me ta l  Specimen F a i l u r e s  
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Fi'gure 17. P la te -F in   Fa t igue  Summary 
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a. Typical  failure 

b. Failure  with  fin  buckling 

F i g u r e  18. T y p i c a l   P l a t e - F i n  Specimen F a t i g u e   F a i l u r e s  

64 



" . . . 

10.0 

5 .0  

I .o 

.5 

. I  

I0.C 

5. 

I .  

- 0 Hasfelloy X parent metal --- Inconel 625 parent metal -- 0 Hastelloy X,Palniro I --- W Inconel 625,Palniro 7 

5 10 50 100 500 1000 5000 

Cycles t o   f a i  1 ure 

a. Room temperature 

5 IO 50 IO0 500 1000 5000 

Cycles t o  f a i l u r e  

b. 154O0F ( I  I IO'K) 

Figurs 19. Cavity Parent & t a l  and Plate-Fin  Fatigue Test Comparison 
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F igu re  20. Corcparative  Fatigue L i f e  o f  As-received,  Coated 
and  P late-F in Specimens 
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Figure 21. Assumed True  Stress-Strain  Cyclic 
Behavior,  Lengthwise Component 
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a. Stress coat  result 

b. S t r a i n  gauge specimen 

F i g u r e  22. S t resscoa t   and   S t ra in  Gauge Specimens 
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Figure 23. Comparison o f  Material Stress-Strain  Behavior 
With and  Without  Creep Relaxation 
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